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ABSTRACT 
 
 
An Investigation of Bulk Nanocrystalline Copper Fabricated via Severe Plastic 
Deformation and Nanoparticle Consolidation. (December 2005) 
Mohammed Haouaoui, B.S., Ecole des Mines de Saint Etienne (France); 
M.S., Texas A&M University 
Chair of Advisory Committee: Dr. Ibrahim Karaman  
 
Ultrafine grained (UFG) and nanocrystalline materials have attracted considerable 
interest because of their unique mechanical properties as compared with coarse grained 
conventional materials. The fabrication of relatively large amounts of these materials still 
remains a challenge, and a thorough understanding of the relationship between 
microstructure and mechanical properties is lacking. The objective of this study was to  
investigate the mechanical properties of UFG and nanocrystalline copper obtained 
respectively by a top down approach of severe plastic deformation of wrought copper and 
a bottom up approach of consolidation of copper nanoparticles using equal channel 
angular extrusion (ECAE). A critical assessment and correlation of the mechanical 
behavior of ECAE processed materials to the microstructure was established through the 
determination of the effect of strain level and strain path on the evolution of strength, 
ductility and yield anisotropy in UFG oxygen free high conductivity copper in correlation 
with grain size, grain morphology and texture.  
ECAE was shown to be a viable method to fabricate relatively large 
nanocrystalline consolidates with excellent mechanical properties. Tensile strengths as 
high as 790 MPa and fracture strain of 7 % were achieved for consolidated 130nm copper 
 iv
powder. The effects of extrusion route, number of passes and extrusion rate on 
consolidation performance were evaluated. The relatively large strain observed was 
attributed to the bimodal grain size distribution and accommodation by large grains. The 
formation of bimodal grain size distribution also explains the simultaneous increase in 
strength and ductility of ECAE processed wrought Cu with number of passes. Texture 
alone cannot explain the mechanical anisotropy in UFG wrought copper but we showed 
that grain morphology has a strong impact and competes with texture and grain 
refinement in controlling the resulting yield strength. Tension-compression asymmetry 
was observed in UFG wrought copper. This asymmetry is not always in favor of 
compression as reported in literature, and is also influenced by grain morphology through 
the interaction of dislocations with grain boundaries. Different prestrains in tension and 
compression should be experimented to have a better understanding of the encountered 
anisotropy in Bauschinger parameter in relation with the observed tension-compression 
asymmetry. 
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CHAPTER I 
INTRODUCTION 
1.1. Motivation and significance 
Materials with ultra-fine grains (UFG) and nanocrystals (NC), defined with a 
grain size below ~ 1μm and ~ 100 nm respectively, have attracted considerable interest 
because of their unique properties as compared with larger grained conventional 
materials. This interest is largely due to a promising combination of enhanced mechanical 
characteristics (yield strength and hardness with fairly large ductility), superior wear 
resistance, and the promise of enhanced superplastic-like behavior at relatively low 
temperatures and faster strain rates compared to their microcrystalline (MC) counterparts.  
 The application of ultra high strains which is accompanied by continuous grain 
refinement has motivated the development of new processes allowing the introduction of 
unlimited strains such us equal channel angular extrusion (ECAE), and high pressure 
torsion (HPT) [1-4]. Although many studies were performed on microstructural evolution 
in UFG materials, mostly TEM and characterization of grain misorientation distribution, 
the description of microstructure formation in ECAE processed Cu is not as clear and 
thorough as in rolled materials where Hansen and co-workers have produced an immense 
amount of information and enriched the current knowledge [5-9]. The effect of strain path 
on the resulting microstructures and its relation to mechanical properties has not been 
studied extensively and some conflicting results have been presented. A more systematic 
approach is needed to relate the multitude of ECAE routes, to the mechanical properties 
in consideration with the microstructure. 
_____________________________ 
This dissertation follows the style of Acta Materialia. 
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To the best knowledge of the author, no systematic results have been reported to 
correlate the mechanical behavior of ECAE processed material to geometrical factors, 
such as the aspect ratio and the grain inclination angle, yielded by different ECAE routes 
and number of passes. However, it has been assumed [10] that the effect of strain path on 
tensile results is not significant despite the differences in their UFG microstructures. The 
literature is also lacking studies relating the UFG microstructures produced by severe 
plastic deformation to mechanical anisotropy. Therefore, anisotropy in ECAE processed 
Cu was investigated in this study through a series of tension and compression tests 
conducted on specimens cut along three perpendicular directions for different ECAE 
routes and number of passes. The yield strengths were compared and related to the 
morphological features of each case. Motivated by the same concern of interrelation 
between microstructure and mechanical properties, Bauschinger experiments were 
performed and related to different cases through the Bauschinger parameter defined 
subsequently. 
In the other hand, the difficulty of fabricating bulk NC materials has been a major 
issue for the utility of these materials since Gleiter performed the first consolidation of 
nanopowders in 1981 [11]. Equal channel angular extrusion (ECAE) and high pressure 
torsion (HPT) of coarse grained materials and consolidation of micro powders [12-21], 
HPT consolidation of nanopowders [18], conventional area reduction extrusion [22-23], 
sintering of nanopowders produced either by evaporation-condensation techniques or 
mechanical alloying [24-28], crystallization from amorphous phases [29], and 
electrodeposition [2,30-32] are among the main processing methods available to obtain 
bulk NC materials. 
 3
Because NC materials fabricated by the previous methods involving consolidation 
or electrodeposition are produced in very small quantities, most of the mechanical 
characterization studies on NC materials have been limited in the past to indentation 
techniques [33], or to very few stress-strain tests which have been performed under 
compression [32]. More tensile results pertaining to NC materials are reported currently 
in the literature [34-36], but the most prominent results correspond to miniature or thin 
specimens rich in twins obtained by in situ consolidation of mechanically milled Cu 
powders at cryogenic temperatures [34-35] or electrodeposition [36]. These specimens 
yielded extraordinary strengths and strains at fracture (about σUTS=1100 MPa and εf 15% 
for both methods), but one should consider these results carefully as the small sizes of the 
tested gage area in tension specimens (2.5×1.5×0.5 mm3 for [35] and 2×4×0.025 mm3 for 
the electrodeposited foil [36]) reduces favorably any effect of possible processing flaw, 
and also the size effect is important in the case of miniature specimens. The scarcity of 
uniaxial stress-strain data of NC metals has hindered the development of a fundamental 
understanding of their mechanical behavior.  
The need to develop an understanding of mechanical behavior of NC materials as 
a function of stress-state, strain level and length scales together with a thorough 
microstructural understanding has stimulated research in improving processing 
techniques for NC materials. The ECAE process was shown to be successful in achieving 
good consolidation of different microcrystalline (Al 6061, WC-Co) and amorphous 
materials (Cu and Zr based metallic glasses) [37-39]. The severe shear associated with 
ECAE (strain of 1.16 for a 90º extrusion) should enable consolidation of NC powders at 
temperatures lower than those required for HIP consolidation and hot compaction, and 
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thus should help to prevent unwanted grain growth. ECAE powder consolidation offers 
some benefits as compared to conventional extrusion powder consolidation since multiple 
passes are possible in ECAE without changing the cross-section which should lead to a 
better consolidation. ECAE also permits a variety of deformation configurations by 
changing the orientation of the billet with respect to the extrusion axis and shear plane 
after each pass. For details on the nomenclature used in ECAE processing, see [16,37-
38,40-41]. 
The purpose of this study is the fabrication of bulk UFG and NC copper by severe 
plastic deformation of pure Cu and consolidation of Cu micro and nano particles, and the 
investigation of the resulting mechanical properties. We propose to use ECAE as a 
processing technique because it is a novel technique which permits the application of 
high uniform strains without considerable change in the shape of the processed material. 
This study will permit the investigation of the microstructure-property relationship in the 
bulk UFG and NC Cu by conducting optical microscopy, scanning and transmission 
electron microscopies, X-ray diffraction to track texture evolution, microhardness, tensile 
and compression experiments. It is important to study the different competing 
deformation mechanisms (i.e., dislocation slip, deformation twinning and grain boundary 
sliding) in these materials as there is ongoing controversy in the literature about the main 
deformation mechanisms intervening at the grain size range of UFG and NC materials as 
will be discussed later in Chapter II.  
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1.2. Objectives 
The specific objectives of the present study are stated below: 
1- Investigate the effect of strain path during ECAE processing on the mechanical 
properties of UFG Cu. More precisely, evaluate the evolution of strength and 
ductility in connection with the microstructural parameters and evolution formed 
during different processing schedules of ECAE. 
2- Investigate the effect of strain path in relation with yield anisotropy in UFG Cu 
considering grain morphology and texture evolved in each route. The mechanical 
behavior through tension and compression experiments will be correlated with the 
size, morphology and spatial orientation of grains after each combination of route 
and the number of passes. 
3- Experimentally examine the tension compression asymmetry in flow stress of 
UFG Cu and determine if the trend of the asymmetry is an inherent characteristic 
of UFG and NC materials and/or if it is affected by the processing history. 
4- Experimentally explore the role of compressive prestrain on the deformation of 
UFG Cu under tensile loading through Bauschinger experiments and investigate 
the effect of strain path on the Bauschinger effect in ECAE processed bulk Cu. 
5- Fabricate full density bulk NC materials using severe plastic deformation of bulk 
Cu and consolidation of micro and NC Cu powders. 
6- Explore different methods to simultaneously enhance the ultimate tensile strength 
and strain at fracture of consolidated Cu powders, determine factors hindering a 
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good consolidation and propose solutions to improve the consolidation of Cu 
powders with the ECAE process. 
7- Shed some light onto the governing deformation mechanisms of consolidated Cu 
powders through observed microstructural evolutions and variations in 
mechanical properties. 
With these objectives, the outline of this dissertation is as follows: 
Chapter II: A literature review of different processing methods involved in the 
formation of UFG and NC materials, mechanical properties, deformation mechanisms 
and a brief survey of ECAE related research. 
Chapter III: The experimental methods and instruments used in this study. 
Chapter IV: Investigation of the mechanical behavior of ECAE processed Cu through 
the study of the evolution of strength and ductility as a function of the deformation 
schedule, analysis of the yield anisotropy and its relation to the microstructural 
morphology, texture and the Bauschinger effect in ECAE processed Cu. 
Chapter V: Examine different schemes for obtaining full density consolidate in nano 
and micro Cu powders using the ECAE process. Study the microstructural evolution and 
mechanical behavior of copper obtained by consolidation of micro and nano powders and 
relate these to different deformation mechanisms involved in NC materials. 
Chapter VI: Main conclusions. 
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CHAPTER II 
 LITERATURE REVIEW 
 
 
2.1. Properties and applications of pure copper 
 The choice of copper in this study is primarily motivated by its mechanical 
properties. Copper has very good ductility and is very suitable for research involving 
severe deformation. Furthermore, copper is selected because of the absence of phase 
transformation during annealing or processing. Extensive results are also available in 
literature for this material. 
 Copper is commonly used in pure form for its electrical or thermal properties. 
This metal possesses excellent characteristics for commercial applications because of 
reasonable cost. Chemistry is one of the most important variables that affects electrical 
conductivity. Solute elements significantly decrease electrical conductivity but their 
effect on conductivity can be decreased by formation of precipitates or oxides.  The 
addition of solute can also retard the recrystallization temperature. 
The oxygen content has an important role in improving the conductivity of copper 
by reacting with most of the impurities by forming insoluble oxides. However an excess 
of oxygen induces an adverse effect upon formability. Copper oxides can be either 
dissolved or precipitated from the matrix by altering the thermal history. 
 
2.2. Equal Channel Angular Extrusion (ECAE) 
Equal channel angular extrusion is a process which permits one to apply a large 
amount of strain without a reduction in work piece cross section. The process consists of 
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introducing a bar of metal through a channel of constant cross section that contains a 
sharp corner. The passage of the billet produces simple shear in the bar (Figure 2.1). 
 
 
Figure 2.1 Schematic of the ECAE process. A square element is shown after its passage 
through the right angle of the die. 
 
This process offers the possibility of inducing different types of microstructure by 
following different multipass routes. In route A extrusion, the billet orientation is kept the 
same for each pass. The billet is rotated +90° then -90° after each pass for route B and the 
rotation is 180° between passes for route C. Previous studies show that equal channel 
angular extrusion produces intense and uniform deformation throughout the billet, 
excluding end regions. Ferrasse et al [2] show that for route A and B, shear bands form in 
a first stage then are broken down to subgrains when the level of strain is increased. For 
route C, after each even number of passes, shear bands disappeared and more fine and 
equiaxed grains are formed. The same study shows that saturation of hardness and 
strength as well as grain refinement is reached after multiple passes when the strain 
c’ d’ 
b’ 
A 
a’ 
A 
d a
b c 
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intensity reaches approximately εI ∼ 4 to 5. The stability of the microstructure obtained 
after extrusion was emphasized by the work of Prangnell and Humphreys and their co-
workers [42-43]. Humphreys exploits the high resolution of electron backscattering 
diffraction to quantify the level of high angle boundaries. He analyzed the sub-micron 
cellular deformation structure and determined the distribution of high and low angle 
boundaries as a function of the processing conditions. It was concluded that the severely 
deformed microstructures can not be simply described as “sub-micron grained”, the 
material can still contain proportions of low angle boundaries. Prangnell shows that the 
deformation structure is inhomogeneous and large stable grains can persist to high 
strains. The deformed state is very sensitive to the strain path used and redundant 
deformation appears to be an inefficient way to refine grains. An inhomogeneous 
distribution of high angle boundaries in the deformed condition can result in a bimodal 
grain size distribution during the early stages of annealing. The same work demonstrated 
the effects of starting grain size on the deformation structure at very high strains. It was 
shown that the final microstructure is the same for the two starting grain sizes, at strains 
greater than 6. This process of producing fine homogenous grains occurs for lower strains 
in the fine grained material. 
 Humphreys et al show that the main criterion for the formation of a sub-micron 
grain structure is the generation of high-angle grain boundaries during the deformation 
process. Factors which promote this condition are a small initial grain size, a large strain, 
and a deformation process with a complex deformation path that prevents formation of 
planar boundary arrays. 
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The affect of stacking fault energy on microstructural development in ECAE was 
investigated [44]. It was shown that the low stacking fault energy of copper and the 
consequent low rate of recovery lead to a very slow evolution of the microstructure 
during ECAE deformation. The microstructure obtained for copper is not fully 
homogeneous even after a total strain of ∼10, but this microstrucrure has the merit to be 
stable up to 400 °K. It was concluded that low stacking fault energy leads to 
exceptionally stable fine grains through the use of ECAE. 
 The knowledge of the texture yielded by the ECAE process is important because 
of its effect of the mechanical properties and especially yield strength. ECAE produces 
texture, which can be described by simple shear [45-46]. The texture evolution can be 
simulated as a series of simple shear deformations using existing polycrystal plasticity 
codes. For Cu, It has been reported [46] that texture after multipass processing via route 
A is similar to a rolling texture. An intermediate rotation of ± 90° during processing 
(route B) is found to produce a partial fiber texture. Route C processing leads to the 
formation of a sheet texture which is not eliminated when a reversal strain is applied. 
These results are similar to those reported previously in the work of Gibbs [47] who 
shows a shear texture in ECAE processed bulk iron after a single extrusion. An even 
number of passes following route C results in a texture that shows characteristics of both 
shear and the original texture. The same study shows that conventional sheet and fiber 
textures can be developed using multipass ECAE processing: route A results in texture 
similar to that obtained after cold rolling iron [48] with {001} parallel to the rolling plane 
and <110> parallel to the rolling direction. On the other hand, iron processed via route B 
exhibits a fiber texture, with <110> aligned parallel to the wire axis or the extrusion axis 
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for ECAE processed material, similar to that seen in drawn bcc metals [49]. The texture 
intensities for ECAE processed bcc material via different routes were found to be 
significantly lower than those resulting from conventional processes [50]. That was 
attributed to lower deformation symmetry and rigid body rotations associated with simple 
shear deformation. Gibbs shows in the same study that a recrystallization heat treatment 
between extrusion passes for iron-3% silicon produces components of the cube texture, 
(001)[100]. A rotation of about 15° was observed in simple shear textures produced by 
ECAE compared to theoretically modeled simple shear textures. This rotation was 
explained by the same author by the radical path change which occurs with multiple 
extrusion passes while for simple shear conventional processes, this path remains 
constant.  
On the other hand, the description of structure formation in ECAE processed Cu 
is not as clear and thorough as in rolled materials where Hansen and co-workers produced 
an immense number of investigations [5-9]. Also, the effect of strain path on the resulting 
microstructures and its relation with the mechanical properties was not studied 
extensively and some conflicting results are found. A more systematic approach is then 
needed to relate the multitude of ECAE routes, to the mechanical properties through the 
formed microstructure.    
Besides the refinement of the microstructure, the strength of ECAE process 
resides in its versatility and its ability to reproduce by changing the strain path, different 
microstructures and textures yielded by numerous conventional processing methods such 
as rolling and drawing. Therefore, by analogy, the established knowledge of 
microstructure formation during rolling can be used in ECAE. As a representative of fcc 
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materials with medium stacking fault energy, copper was extensively studied to better 
understand the interrelation between deformation conditions and microstructural 
evolution [5-9]. It is well known that medium to high SFE metals experience grain 
subdivision during plastic deformation. In these metals, the three dimensional mobility of 
dislocations due to cross slip contributes in the formation of the final microstructure: for 
low to medium strains, a cell block structure extended along slip planes is formed in cold 
rolled materials. This structure evolves towards a macroscopic direction almost parallel to 
the rolling direction for larger strains for which grain misorientation angles increase and 
cause grain subdivision. Grain morphology can be significantly altered when the strain 
path is changed, for example, from a lamellar structure to a more equiaxed structure when 
the material is cross-rolled [6]. The macroscopic subdivision of the grain is directly 
related then to the applied stress [7-9]. Similarly, ECAE process yields a lamellar 
microstructure when the orientation of the billet is not changed after each pass. It was 
also found that the development of hybrid routes involving orthogonal deformation paths 
contribute in obtaining smaller grains and more equiaxed microstructure as more slip 
systems are thought to accommodate the deformation and a continuous rearrangement of 
subgrain boundaries  occurs by increasing the misorientation angles[51-52]. 
 A combination of high strength and ductility was observed in UFG materials 
processed by severe plastic deformation. While the increase in strength can be explained 
by the reduction in the average grain size, the simultaneous increase of ductility was 
attributed to the coexistence of fine and coarse grain sizes, where the upper limit of this 
distribution provides the possibility of additional hardening. Dynamic recovery due to the 
stored strain energy when the material is subjected to additional passes creates this 
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bimodal distribution [53]. Furthermore, a certain tension/compression (T/C) asymmetry 
was noticed in UFG materials. Carsley et al [54] who were the first to report this 
asymmetry in UFG Fe, noticed a 30% difference in compressive and tensile yield 
strengths. The T/C asymmetry was explained by the effect of hydrostatic pressure on 
yield strength. Similar to glasses, Carsley et al explained the asymmetry by the pressure 
sensitivity of the yield criterion. A pressure-modified yield criterion accounted for both 
the asymmetry and shear bands observed in deformed UFG Fe specimens. Hayes et al 
[55] observed the same asymmetry in cryomilled Al alloy in the range of hundreds of 
nanometers. They considered the T/C asymmetry as an intrinsic property of the NC and 
UFG regimes as it was not observed when the final microstructure ranges from 500nm to 
about 1-2 μm [55]. Tabashnikova et al [56] reported a similar effect in nanostructured Ti 
(100-300 nm grin size) processed via ECAE. In a recent study Cheng et al [57] developed 
a model for the pressure dependence of the yield criterion in UFG materials based on the 
bow out mechanism of dislocations from grain boundary sources. The hydrostatic 
pressure dependency of the yield strength was accounted for by considering the pressure 
dependence of the dislocation self energy. This simple model correctly captures the 
experimental and asymmetry observations. However, the present study will show that the 
T/C asymmetry is not always in favor of compression and that it is affected by the ECAE 
route and the direction of testing. 
 
2.3. Processing of UFG and NC materials 
Different processing methods are used for the fabrication of UFG and NC 
materials. Equal channel angular extrusion (ECAE) and high pressure torsion (HPT) of 
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coarse grained materials and consolidation of micro powders (Figure 2.2) [12-21], HPT 
consolidation of nanopowders [18], conventional area reduction extrusion [22,23], 
sintering of nanopowders produced either by evaporation-condensation techniques or 
mechanical alloying [24-28], crystallization from amorphous phases [29], and 
electrodeposition [12,30-32] are among the main processing methods available to obtain 
bulk NC materials. 
 
 
Figure 2.2 Schematic of the ECAE powder consolidation process. 
 
Each processing method of NC materials has its own advantages and 
disadvantages. Table 2.1 summarizes these different processing methods. For instance, it 
is difficult to obtain grain sizes less than about 100 nm using ECAE when starting from 
bulk coarse grained materials. Moreover, the microstructure at the front and back ends of 
an ECAE billet is usually not uniform, the size of these regions can be as large as the 
Flow plane 
Longitudinal plane 
Transverse plane 
L
T
F
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billet diameter depending on the processing route. The sample sizes that can be obtained 
by HPT and consolidation of nanopowders fabricated using evaporation and condensation 
techniques are very small. Contamination and residual porosity are the main problems in 
consolidation of mechanically alloyed nanopowders. Bulk amorphous materials are still 
difficult to make, and thus, crystallization of amorphous metals may not be the eventual 
solution for fabricating bulk NC materials. Moreover, chemical gradients and 
heterogeneous crystallization of intermetallic phases are other disadvantages present in 
fabricating bulk samples by crystallization of amorphous metals. 
 
Table 2.1 Processing methods for the fabrication of UFG and NC materials. 
Processing Advantages Disadvantages 
 
 
 
Cryomilling 
- Produce ultrafine grained 
materials in reasonable 
quantities. 
- Thermal stability due to 
the presence of fine oxides 
and nitrides from the 
milling process. 
- Difficult to control the material 
purity. 
- Difficult to achieve full density. 
 
 
Severe plastic 
deformation 
- Material purity is the same 
as the starting material. 
- Cheap. 
- Full density in the case of 
SPD of bulk materials. 
- Grain sizes of SPD bulk 
materials remain in the 150-300nm 
range. 
- Limited ductility of the initial 
material. 
 
Gas phase 
condenstion 
- Grain size in the 5-50 nm 
regime. 
- Texture free 
microstructure. 
- Limited specimen volume. 
- Purity issues in the vicinity of 
particle boundaries. 
- Difficulties to retain fine grain 
size (grain growth). 
- Small bulk 
 
 
Electrodeposition 
- Grain size can be 
controlled and is in the 
range of 20-40nm. 
- Narrow grain size 
distribution. 
- Produce thin sheets (~2mm).  
- Hydrogen, carbon, and sulfur 
levels in the deposits can be 
substantial. 
- Possible strong texture. 
- Small bulk 
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Finally, samples produced via electrodeposition are often contaminated by 
hydrogen, carbon and sulfur. The resulting columnar grain structure and possible strong 
texture developed may influence the resulting properties and create significant 
differences in mechanical behavior as compared to materials fabricated using other 
techniques. Clearly, comparison between the various nanomaterials fabricated using 
different processing routes is not straight forward, since there can be significant 
differences in local microstructural homogeneity, chemistry, impurities, porosity, and 
sample size between the various materials.  It is unfortunate that today there is not a 
complete set of property variation data over a wide range of grain sizes on any material 
that is manufactured by the same processing method. 
 
2.4. Mechanical properties and deformation mechanisms of UFG and NC materials 
In the beginning, a brief and non critical presentation of the relationship between 
grain size and flow stress is addressed and different deformation mechanisms are 
suggested. For many MC and UFG metals and alloys with a grain size of 100 nm or 
larger, the strengthening accompanying grain refinement has been usually rationalized by 
the so called Hall[58]-Petch[59] mechanism. This relation relating the grain size d  to 
flow stress σ  has been under continuous investigation. Most of the research was 
motivated by attaining high strength when the grain size approaches the nanometer size. 
The Hall- Petch relationship is expressed as follows: 
2
1−
−+= dK PHiσσ  
where iσ  is the lattice friction stress and PHK −  the so called H-P constant. The H-P 
relation is observed up to approximately 100 nm grain size (Figure 2.3). Grain size 
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hardening occurring in this regime of grain size was physically rationalized by the pile-up 
of dislocations at a grain boundary (Figure 2.4.a), giving a stress concentration which 
activates dislocation generation and/or motion in the adjacent grain from the so called 
Frank Read dislocation source (Figure 2.4.b). With further grain refinement down to 100 
nm, the increasing flow stress departs markedly from its original slope causing a reduced 
increase rate of flow stress. In this regime of grain size, other mechanisms are suspected 
to operate as the grain size is reduced to the point that Frank Read sources cease to 
operate. 
 
 
Figure 2.3 Schematic of the variation of flow stress as a function of grain size in MC, 
UFG, and NC metals and alloys [60]. 
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   (a)      (b) 
Figure 2.4 (a) Pile-up of dislocations at grain boundary and (b) Frank Read dislocations 
source. 
 
 
In this regime, any dislocation activity is believed to originate and terminate at 
grain boundaries. The grain boundaries are acting simultaneously as source and sinks for 
dislocations. Other mechanisms are thought to start contributing in the deformation. 
Because of the increase in grain boundaries density, coble creep and grain rotation are 
advanced as possible mechanisms to accommodate deformation. Coble creep (Figure 
2.5.a) is a grain boundary diffusion mechanism taking place during the deformation of 
MC metals at high temperatures. The flow of atoms is initiated from grain boundaries 
subject to compressive stress to those under a tensile stress and occurs along the grain 
boundaries. Twinning was also observed in electrodeposited NC Ni [31] (Figure 2.5.b), 
and was suggested as an alternate deformation mode at this range of grain size. 
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    (a)     (b) 
Figure 2.5 (a) Coble creep and (b) twinning believed to accommodate deformation for 
grain sizes lower than 100 nm. 
 
 
 With further grain refinement, the flow stress reaches a maximum for a certain 
grain size in the range of 10-50 nm depending on the material. Further decrease in the 
grain size can cause weakening of the metal. The decrease of flow stress is attributed to 
the approach to the amorphous state because of the increase of grain boundary density 
and/or the activation of plastic instability in triple points which lead eventually to 
fracture. This decrease is also considered to be caused by the introduction of processing 
defects in NC materials. 
Despite the extensive work on synthesis of NC materials, there are few reported 
data on room temperature monotonic stress-strain response of bulk NC materials [14-
17,22-27,30,32,61-64] mostly because of the difficulty of obtaining large enough 
specimens with full density. Compression experiments conducted by Youngdahl et al 
[64] showed a strong correlation between the strength and the porosity content in 
compacted NC Cu and Pd. The use of miniature specimens for mechanical testing [65] 
demonstrated that specimens with very few processing flaws have very high yield 
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strength levels and reasonable ductility as compared to large specimens, indicating the 
importance of processing flaws on resulting properties. The same study [65] suggested 
that the grain boundary sliding mechanism does not contribute significantly to the room 
temperature deformation of 25-50 nm grain size Cu. It has also been reported [24] that 
deformation mechanisms in NC copper (25-55 nm grain size) are dominated by 
dislocation activity because work hardening was observed during compression. The 
dominance of dislocation activity over grain boundary moderated mechanisms during 
deformation has been clearly illustrated by a recent excellent review and in-situ TEM 
experiments by Kumar et al. [31] in Ni down to grain sizes of 20-30 nm. Moreover, an 
in-situ tensile experiment of NC copper specimens (grain size 20 – 500 nm) produced by 
inert gas condensation [66] confirmed the presence of parallel dislocation arrays in larger 
grains (~100 nm) and that deformation is governed by dislocation activity down to a 
grain size of 30 nm. On the other hand, molecular dynamic simulations of NC Cu showed 
that large plastic deformation can be accommodated by grain boundary sliding in samples 
with grain sizes less than 20 nm [67-68], but no experimental data has yet been obtained 
to confirm this theory. In summary, the above discussion shows the necessity of a 
systematic and thorough study to clarify some of the controversies related to the 
deformation mechanisms and microstructural evolution in NC materials. 
 Earlier works on deformation mechanisms in NC materials [12,14-18,69-70] 
argued that dislocation and grain boundary mechanisms such as grain boundary sliding 
and Coble creep can simultaneously interplay or the latter is the governing mechanism 
below a certain grain size, such as 70 nm in Cu. However, more recently, convincing 
experimental evidence [26,31,71] demonstrated that down to about 20 nm grain size, 
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dislocations are still operative. Although some studies [12,15-16] have attributed certain 
findings such as high strain rate sensitivity to grain boundary sliding, it appears that there 
is not any direct experimental evidence showing grain boundary moderated mechanisms 
in NC materials. 
In the present study, Cu powders with different initial sizes (325 mesh (powders 
sieved through a 45 μm sieve), 130 nm and 100 nm) were consolidated using equal 
channel angular extrusion (ECAE) (Figure 2.2). ECAE is a severe plastic deformation 
technique in which load is applied from the top of the vertical channel and the billet is 
deformed in the shear zone and extruded from the horizontal channel as shown in Figure 
2.2. ECAE was chosen as it offers several advantages over the competing processes: in 
comparison with conventional bulk extrusion, the same amount of equivalent strain can 
be achieved with lower extrusion loads in ECAE using a novel tool design incorporating 
moving die walls [72-74], the formation of uniform microstructures, likelihood of 
reduced production cost and control over the development of grain morphology [75]. 
Moreover, ECAE offers some control of texture as shown in recent studies on pure 
tantalum, iron and copper with initial coarse grain sizes [46-47,76]. 
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CHAPTER III 
 EXPERIMENTAL PROCEDURES 
3.1. Materials 
 The present investigation was conducted using Copper 101 provided by Hitachi 
Cable, Ltd. The chemical analysis as reported by Hitachi Cable, Ltd, is shown in Table 
3.1. The materials were received as extruded rods. 
 
Table 3.1 Chemical content of the CDA 101 copper used in the present investigation (in 
ppm by weight) 
 
Elements Measured Value 
Cu 99.99 
Pb 1 
Zn 0.3 
Bi 0.2 
Cd 0.2 
O 2 
P 2 
S 8 
Se 2 
Te 0.5 
Sb 1 
As 1 
Fe 4 
Mn 0.3 
Ni 1 
Ag 1 
Sn 1 
 
 
 
 High purity copper powders with three different sizes (325 mesh, 100 and 130 
nm) were used in this study. DOE Ames Laboratory provided 325 mesh Cu powder. 
The 100 and 130 nm Cu powders were acquired from Argonide Corporation, Sanford, 
Florida and were fabricated using the electro-explosion of wire process (EEW). In this 
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process, wire is fed into an argon-filled reactor, and it is subjected to a high-current, 
high-voltage microsecond pulse to cause it to explode. The oxygen content was 
estimated to be less than 0.6% in weight in NC particles by the manufacturer using the 
method of pulse reduction melting in helium gas. 
3.2. ECAE procedures 
3.2.1 Extrusion of Cu billets 
 The ECAE billets were prepared from one inch square extruded (Cu 101) rod. 
After cutting, 12 billets possessing square cross-sections with the nominal dimensions 
of 1”×1”×6” were ready to be extruded. Table 3.2 shows the different parameters of the 
ECAE deformation. Prior to extrusion, the extrusion tool components and billets were 
lubricated in order to minimize friction during extrusion. The copper billets were easily 
extruded at room temperature, because of the excellent ductility of Cu 101 using one-
inch tooling [72] with a punch speed of 5mm/sec.  
 
Table 3.2 Conditions of ECAE extrusion 
 
 
 
 
 
The extrusion operation caused flashing along the edges of the billet. The flash 
was removed using a band saw. The heat induced during cutting was reduced by a 
steady flow of water over the specimen. Care was taken to keep the specimen cool 
Lubricant Anti-seize lubricant (Pergamex Co.) 
Ram Speed V 5 mm/sec 
Extrusion Temperature Room temperature (23 ± 2° C) 
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during cutting because the microstructure of the specimen can be drastically changed if 
the temperature is raised due to the relatively low temperature of recrystallization of 
copper (around 160°C). Rolling and machining were done when needed after each 
extrusion pass were done to enable the billet to fit into the die.  
The ECAE processing schedule is summarized in Table 3.3. The effects of one, 
two, four, eight and sixteen passes and five different routes were investigated in this 
study. Figure 3.1 [77] illustrates the reorientation of the billet after each pass for 
different routes. In route A, the billet orientation is kept the same for each extrusion 
pass. The billet is rotated plus and minus 90° between successive passes with respect to 
the extrusion direction for route B. 180° rotation is applied in route C and 90° rotation 
in route C’ (also known as Bc) in the same direction after each pass. Route E is a hybrid 
route similar to 2C*2C where the cross refers to an intermediate 90° rotation of the 
billet with respect to the extrusion direction. This variety of ECAE schedules permits to 
control the desired microstructure by yielding different microstructures (grain 
morphology, grain size and texture). Table 3.3 summarizes the expected microstructures 
and the analogy to the conventional deformation processes of different ECAE 
schedules. The temperature rise in the billet due to the deformation heat was measured 
to be about 50°C. 
 
Table 3.3 Schedule of ECAE processing 
ECAE route A B C C’ E 
Number  of passes 1, 2, 4, 8 2, 4 2, 4 4 4, 8, 16 
Odd passes 0º +90º +180º +90º +180º Rotation 
before Even passes 0º -90º +180º +90º +90º 
Microstructures Lamellar Filamentary Equiaxed Equiaxed Equiaxed 
Deformation analogy Rolling Drawing Shear Shear Shear 
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3.2.2 Consolidation of Cu powders 
The consolidation of Cu powders can be divided into three different major stages 
depending on the nature of Cu powders and filling procedure: manual tapping, hand 
pressing or prior cold isostatic pressing (CIP) of the powders before filling the can. 
Figure 3.2 shows the processing methodology detailing the major steps involved in the 
preparation and investigation of Cu powders. 
 
First pass (N=1)    Second pass (N=2) 
 
 (a)   (b)   (c)   (d) 
Figure 3.1 Shape of the initial cubic element after (a) the first pass, (b) 2A, (c) 2B and 
2C’, and (d) 2C and 2E [77]. 
 
 
For stage 1 where filling was accomplished by manual tapping, 25 mm square 1018 
steel, nickel and copper cans with a 20 mm diameter cross section inner chamber 
(Figure 3.3) were filled with these powders as summarized in Table 3.4. The filling was 
conducted in an open environment for the 100 nm Cu powder which was loaded into 
nickel or steel cans. For other particle sizes, the powders were degassed in vacuum for 8 
hours prior to the filling. The 325 mesh powder was degassed at 150 °C and 130 nm 
powder was degassed at room temperature. Copper cans were used for the 325 mesh Cu 
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powder because of its lower flow strength. Nickel cans were used for the consolidation 
of 130 nm powder for which the schedule was decided after the extrusion runs with the 
100 nm Cu powder to eliminate routes yielding poor consolidation. As a rule of thumb, 
the flow strength of the can material should be comparable to the flow strength of 
powder consolidates. The cans were electron beam welded in vacuum after filling and 
processed with different ECAE routes under an extrusion speed of 2.5 mm/sec. 
Table 3.4 summarizes the experimental conditions for each can. Routes A was not 
processed beyond two passes because the length of consolidate diameter with uniform 
deformation that can be obtained with this route is limited as compared to the ones 
obtained with Routes B, C and E. The reason for this can be better understood if the 
consolidate geometry after successive shearing on the same plane is considered (Figure 
3.4).
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Figure 3.2 The processing methodology detailing the major steps involved in the preparation and investigation of Cu nanoparticles.
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Figure 3.3 Schematic of cans used for the consolidation of Cu powders. 
 
 
 
A hand press was used to fill the cans in stage 2 of the study in order to assure a 
better compaction of the powder prior to extrusion and a higher yield of material after 
consolidation. The hand pressing was achieved in a glove box in an argon environment 
followed by an operation of baking of the can before sealing to guarantee the 
evaporation of eventual entrapped moisture in the powder. The baking temperature was 
130°C for 3h for nanocrystalline Cu powders and 150°C for 325 Mesh Cu powder.  
 
 
 
 
 
 
A
0.995” 
±0.001” 
A 
1.04” ±0.001” 
 
0.995” ±0.001” 
7”±0.01” 
1”±0.01” 
A-A 
Diameter: 0.75” ±0.001” 
Diameter: 0.91” ±0.001” 
Plug diameter: 0.83” ±0.001” 
Diameter: 0.75” ±0.01” Plug 0.04”±0.001” 
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Table 3.4 Summary of the experimental conditions used for the consolidation of micron 
and nanometer size copper particles. E, F and S are extrusion, flow, and shear directions 
as shown in Figures 2.2 and 3.7. 
 
Stage Case  Can specifications Filling Powder  Mechanical 
 # Route (material/length of environment Size testing 
    powder space)     
1 1A Nickel/ 5cm Air 
2 2C Nickel/ 5cm Air 
3 1A Steel 1018/ 10cm Air 
4 2A Steel 1018/ 10cm Air 
5 2C Steel 1018/ 10cm Air 
6 1A Steel 1018/ 10cm Air 
7 2A Nickel/ 10cm Air 
8 2C Nickel/10cm Air 
 
 
 
 
100nm No testing was done 
9 1A Copper/ 7.6cm vacuum  
10 2A Copper/ 7.6cm vacuum Hardness, 
11 2B Copper/ 7.6cm vacuum Tension (E) 
12 2C Copper/ 7.6cm vacuum Compression(F)
13 4C Copper/ 7.6cm vacuum 
 
 
-325 
mesh 
 
14 2B Nickel/ 7.6cm vacuum T(E) & C(E)  
15 2C Nickel/ 7.6cm vacuum No test 
16 4E Nickel/ 7.6cm vacuum T(E) & C(E) 
17 6E Nickel/10cm vacuum Tension (E) 
 
 
 
 
 
 
 
Stage 1: 
Manual 
tapping 
18 4C’ Nickel/10cm vacuum 
 
 
130 nm 
Tension (E) 
19 2B Nickel/10cm Vac+130C,3h  
20 4B Nickel/10cm Vac+130C,3h No testing 
21 4C’ Nickel/10cm Vac+130C,3h
 
50nm 
 
22 2A Nickel/10cm Vac+130C,3h No testing 
23 2B Nickel/10cm Vac+130C,3h Tension (E) 
24 4B Nickel/10cm Vac+130C,3h Tension (E) 
25 4C’ Nickel/10cm Vac+130C,3h
 
150nm 
Tension (E) 
26 4B Nickel/10cm Vac+150C,3h Tension (E) 
27 4C’ Nickel/13cm Vac+150C,3h Tension (E) 
 
 
 
Stage 2: 
Hand  
pressing
 
 
28 4C’ Nickel/13cm Air 
-325 
mesh 
Tension (E) 
29 4B Nickel/13cm Vac+130C,3h 100nm Tension (S) 
     
30 4B Nickel/13cm Vac+130C,3h Tension (S) 
Stage 3: 
Cold 
Isostatic
Pressing
    
75% of 
100nm 
& 25% 
of -325 
mesh 
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Figure 3.4 Schematic of the can, consolidated powder after 1A extrusion and the 
location of the tension and compression samples that were cut from the powder 
consolidate. The numbers 1 and 2 in the schematic demonstrate compression samples 
with different loading axes. 
 
 
This difference in baking temperature was deliberately imposed to circumvent any 
possible grain growth in nanocrystalline powders. The cans were eventually electron 
beam welded under vacuum. The use of a hand press created compact layers at each 
step of manual compaction with well defined boundaries where shear can occur 
preferentially during extrusion leading to a non uniform consolidation. This problem 
motivated the use of high hydrostatic pressures through cold isostatic pressing (CIP) to 
assure not only a uniform compaction of the powder but also a better initial break down 
of the agglomerates (This point will be elaborated in more details in chapter V). 
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3.3. Microstructure analysis 
3.3.1. Metallography and optical microscopy 
The issue which prompted optical microscopy investigation is to determine the 
evolution and disintegration of Cu powder agglomerates for different ECAE routes as it 
was revealed (Chapter V) using Scanning Electron Microscopy (SEM) that Cu powders 
at the nanoscale tend to cluster together to form micron size agglomerates. To reveal the 
consolidate microstructure, the specimens were prepared using sectioning, mounting, 
polishing, and etching as described below. 
Specimen cutting from the billet is an important step which was conducted 
carefully. A successful sectioning will not affect the surface properties for a succeeding 
hardness measurement or metallographic examination. A deficient sectioning will 
introduce a consequent mechanical hardening of the surface or will heat the surface 
causing annealing. The hardening of the surface will be difficult to remove with 
grinding and polishing. Another factor which was taken into account is the orientation 
of the samples and straight cutting. A traditional cutting, even carefully conducted, will 
cause an inclination of the specimen with respect to the desired orientation. This factor 
is critical when the specimen is used for texture measurements. Thus, the samples for 
microscopy and microhardness were cut with an Isomet 1000 diamond saw using an oil-
water lubricant. The cooling enabled cutting without a significant rise in temperature 
and thus no heating.    
To ensure an accurate orientation for metallographic and texture examination of 
the selected planes, all billets and consolidates were cut via wire electrodischarge 
machining (EDM). For optical microscopy observations, specimens were mounted in 
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epoxy. Mounting in bakelite was avoided because the necessary heat (250°C) to set this 
thermoset polymer will alter the microstructure of heavily worked copper. The 
mounting in epoxy can be considered safe even if the temperature rise during curing 
reaches 150°C. The curing time at 150°C was recorded to be 15 min. The investigation 
of the specimens extruded at room temperature revealed that the microstructure of 
heavily worked material was not altered appreciably by the epoxy heating. 
Specimens were sucessively hand-ground with silicon carbide papers of 320, 
600, 800 and 1200 Grit. Each grinding sequence was performed until uniform grinding 
lines were obtained (2 to 3 minutes). The task of grinding is most effective when the 
direction of grinding is rotated 90° between each grit-size. Because of the softness of 
copper, a moderate pressure was applied on a specimen while being ground to avoid the 
creation of deep scratches which are then difficult to remove. The specimens were 
rinsed after each grinding step to avoid any cross contamination with abrasive particles, 
which would reduce the efficiency of grinding. 
 All specimens were also mechanically polished using 3μm and 1μm diamond 
paste on a billard cloth for 3 min at each step. The resulting surface was often sufficient 
for optical investigations, but the addition of a final polishing step using colloidal silica 
(mix 1 part of colloidal silica with 5-6 parts of distilled water) improved the results in 
some cases. 
Cleanliness is also an important requirement during polishing. It is necessary to 
clean the specimen with distilled water several times within one operation sequence. 
Ultrasonic cleaning can be useful if persistent dirt residues are released from fine cracks 
which form between the specimen and epoxy. To dry the specimen, it is more effective 
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to rinse the specimen with alcohol because it dries quickly and does not stain when 
using a hot air dryer. 
 Prior to etching, the final polished specimen surface was examined under a 
microscope to distinguish features such as pits, pores, inclusions and so forth. Such 
features may be caused by grinding and polishing and should be spotted before etching. 
The final polished copper surface will not exhibit the microstructure because the 
incident light is uniformly reflected. To produce image contrast between grains or to 
reveal grain boundaries by local attack, chemical etching is used. The chosen etchant 
for this research reveals grains by differential surface etching. The method is effective 
because different grain orientations are attacked at different rates and develop different 
surface finishes. Etching was accomplished by swabbing for 20 to 40 seconds at room 
temperature with a solution composed of: 
- 10 g of ammonium persulfate. 
- 100 ml of distilled water. 
 
3.3.2. Scanning electron microscopy (SEM) 
A scanning electron microscope, JEOL JSM-6400, was used to examine the 
fracture surfaces of tensile specimens of ECAE processed bulk Cu to relate the fracture 
features to the microstructure and mechanical properties especially the ductility. SEM 
was also used to study the nature of fracture in consolidated Cu powders. Cu powders 
morphology and size were determined using SEM. 
To observe the grain size and morphology, back scattered electron (BSE) 
micrographs were captured using a high resolution Zeiss 1530VP FESEM at a voltage 
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of 15 kV. The BSE investigation was preferred to optical microscopy for ECAE 
processed bulk Cu because pure copper is heavily deformed and the morphology of 
grains cannot be distinguished easily with optical microscopy. The specimens were 
ground and polished to 1μm finish and then final polished using a diluted solution of 
colloidal silica and hydrogen peroxide in the final polishing step. BSE was also used to 
investigate eventual presence of remnant porosity in consolidated Cu powders. 
3.3.3. Transmission electron microscopy (TEM) 
TEM is important in determining the microstructural features in ultrafine 
grained materials produced by severe plastic deformation. The developed features in as 
processed material are hardly resolvable with optical microscopy and it is necessary to 
use TEM to observe the dislocation substructures after ECAE processing. For TEM 
analysis, specimens were prepared by mechanical grinding and twin jet 
electropolishing. Relatively large electron transparent areas were obtained with a 
solution consisting of 250 ml phosphoric acid, 500 ml distilled water, 250 ml ethanol, 
50 ml propanol and 5 g urea at a temperature of –16 °C and a voltage of 15 V. The 
resulting thin foils were examined in a PHILIPS CM 200 electron microscope operated 
at 200 kV. TEM was also used to investigate the shape of the nanocrystalline powder 
agglomerates. PHILIPS is a trademark of Philips Electronic Instruments Corp., 
Mahwah, NJ. 
3.3.4. Texture analysis 
For texture measurements, the samples were mounted in epoxy and polished. 
Mainly the flow plane was investigated because it makes it possible to use symmetry 
options by the software used, i.e. “preferred orientation package- Los Alamos” 
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(POPLA) [78]. Pole figures on the two other longitudinal and transverse planes can be 
achieved by rotating and/or tilting the flow plane texture using POPLA software. 
The pole figures are based on X-ray diffraction measurements. A single crystal 
will produce a reflection only when its orientation is such that a certain set of reflecting 
planes is inclined to the incident beam at an angle θ which satisfies the Bragg law for 
that set of planes and the characteristic radiation employed. The first step of measuring 
a pole figure consists then of determining the angle θ of diffraction for the samples. To 
achieve this objective, a four-stage Scintag rotating anode goniometer was used with 
copper Kα radiation. Copper does not induce any noticeable fluorescence with copper 
anode radiation. Furthermore, the Kβ component of copper radiation is reduced by 
using a Ni filter. 
To obtain diffraction angles, a 2θ scan was performed for each specimen. A 
continuous scan consists of moving the detector through a range of two theta (2θ) from 
35° to 80° to determine the angular position for each of the three diffracting planes in 
the fcc crystal system, {111}, {200} and {220}. The continuous 2θ scan was performed 
with increments of 0.02° for each step at a rate of 2°/minute. For all specimens, 
regardless of the processing route and heat treatment, diffractions occur at practically 
the same angles. Table 3.5 summarizes these results. 
The final step involves measuring the intensity of the diffracted x-ray beam for 
each plane (pole). Each sample was incrementally rotated from 0° through 360° and 
tilted from 0° through 75°. The detector was positioned in the appropriate angular 
position for each pole figure. These angles were changed incrementally with 5º step. 
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The intensity of the diffracted beam decreases for high tilt angles because the incident 
beam becomes shallower. The effects of defocusing were corrected using an empirical 
curve measured for a sample with random orientation. The defocusing corrections 
depend on the alignment of the instrument, the size and shape of the collimator and 
receiving slit, the diffraction angle 2θ, and the wavelength of the incident beam. 
 
Table 3.5 Diffraction angles for different crystalline planes in pure copper. 
<hkl> direction Angle of diffraction 2θ 
<111> 43.3 
<200> 50.4 
<220> 74.1 
 
The last correction introduced to the pole figure is the completion of the pole 
figure for tilt angles higher than 75°. The completion is obtained by using the harmonic 
method which assumes that the orientation distribution (OD) is a smooth function. 
 
3.3.5. X-ray analysis 
The grain size in consolidated Cu powders and ECAE processed bulk Cu can be 
directly determined using TEM micrographs. However the non-uniform grain size 
distribution from one area to another especially if the material exhibits a bimodal 
distribution of grain size requires another method for the determination of average grain 
size. X-ray analyses [79-80] were performed using a Bruker-AXS D8 diffractometer 
with Cu Kα radiation to determine the average powder and grain sizes in the initial and 
the as-processed material using the Warren–Averbach method. This was done by 
  
37
analyzing x-ray peak broadening on both (111)-(222) and (200)-(400) diffraction peak 
pairs. Grains with sizes less than 0.1 µm cause the broadening of diffraction lines. The 
extent of broadening is given by Scherrer formula:   
θ
λ
cos
9.0
×
×=
t
B   (3.1) 
where B is the broadening of diffraction peak measured at half of its maximum, and t is  
the grain size. λ and θ are the wavelength of the incident beam and the diffraction angle 
respectively. The broadening of the diffraction peaks for very small grains is due to the 
fact that there are not enough crystallographic planes to assure a cancellation of 
interference of the beam with different atomic layers. The destructive interference for 
non diffracted incident beams is due to deeper planes in the crystal and is a result of the 
periodicity of the crystal. If the path difference between rays scattered between the two 
planes differs only slightly from an integral number of λ, then the atomic plane 
permitting the diffraction at exactly the same path difference plus a complete wave 
length will lie deep within the crystal. A very small grain will not permit then the 
cancellation to occur.  
In reality, all diffraction peaks have a measurable breadth, even if the grain size 
exceeds 0.1µm, due to divergence and the width of the x-ray beam. The breadth B in the 
Scherrer formula is due only to the grain size. B is essentially zero for grain sizes higher 
than 0.1µm. The major challenge in determining particle size from line breadths is to 
differentiate B from the measured breadth BM of the diffraction line. The Warren’s 
method is the simplest and consists of using a standard width particle size greater than 
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0.1µm with a known breadth BS and having the diffraction line near to the unknown 
measured grain size. The breadth will be determined by the difference: 
222
SM BBB −=   (3.2) 
BM can be determined directly from the diffraction peaks, the standard breadth BS is 
known, and hence the grain size t can be determined directly from the Scherrer formula. 
 
3.4. Mechanical testing procedures 
3.4.1. Hardness and density measurements 
Microhardness was measured in the consolidates of the manually tapped Cu 
nanoparticles using the Vickers scale. Hardness measurements were used together with 
density measurements to determine the effect of different routes and number of passes 
on the consolidation of Cu powders. Vickers microhardness (HV) measurements were 
conducted using a Buehler Micromet II microhardness tester on the transverse, flow and 
the longitudinal planes as described in Figure 2.2. A load of 500 g and a dwell time of 
15 s were used. These test parameters ensured a large enough indentation to obtain 
accurate readings. A good surface is necessary in order to delineate clearly the 
indentation. Different samples were ground at 600 and 800 grits, and followed by a 
rough polishing using a 3µm diamond paste. The recommended spacing in-between two 
neighboring indentations was at least three times the indentation mean diameter and ten 
times away from the edge of the specimen in order to avoid overlap with any stressed 
area induced by the application of the load. 
The densities of the consolidated samples were determined using Archimedes’ 
principle, according to ASTM specifications for density measurements for porous 
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materials [81]. Relative densities are based on the measured values and the theoretical 
density. 
 
 
 
Figure 3.5 Small scale specimens designed for tension and compression testing. All 
dimensions are in mm. 
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3.4.2. Tension and compression experiments 
Dog-bone-shape flat tensile specimens with nominal dimensions of 8×3×1.5 
mm3 in the gage section and compression specimens with nominal dimensions of 4×4×8 
mm3 (Figure 3.5) were cut by electrical discharge machining (EDM) from consolidates 
and bulk extruded samples. The surfaces were polished to remove the EDM affected 
layer. 
To test the small specimens and to study the anisotropy in ECAE processed bulk 
Cu, a small scale testing apparatus was used. This was motivated by the relative small 
quantity of material yielded by consolidation and also to be sure that the gage section of 
the testing specimen corresponds to uniformly deformed region of the billet [77]. The 
small-scale grips used for tension are designed to clamp thin and flat specimens aligned 
with two pins while compressive grips simply squeeze a rectangular compression 
specimen (Figure 3.6).  The grips are machined from a 17-4 precipitation hardening 
stainless steel in the annealed state and subsequently aged for 1 hour at 482º and then 
air cooled to establish the maximum strength and hardness. Both tension and 
compression grips were designed with the objective of accommodating the miniature 
extensometer. 
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Figure 3.6 Tension (a) and compression (b) test grips designed for the specimens 
shown in Figure 3.5. The connection clasp is not shown. 
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Figure 3.6 Continued. 
 
For the consolidated Cu powders obtained in the first stage of this study where 
the cans were filled by manual tapping, tension specimens were cut along the extrusion 
direction (see Figure 2.2). The compression axis of the compression specimens were cut 
along the direction normal to the flow plane (FD) for the 325 mesh consolidates and 
normal to the extrusion direction (ED) for the 130 nm consolidates. Experiments were 
performed at room temperature with a servo-hydraulic MTS test frame under a strain 
rate of 5×10-4 s-1. The strain was measured with a miniature extensometer (3 mm gage 
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length) mounted on the specimens in both tension and compression experiments. Teflon 
tape was used in between compression platens and the compression specimens to 
minimize the friction. Neither buckling nor barreling was observed on the specimens 
after compression. For Stages 2 and 3 of Cu powders consolidation, only tension 
experiments were conducted. The tensile axis of the tension specimens is summarized 
in Table 3.4. For the case 4B, the tension specimen was EDM cut on the final shear 
plane with tensile axis along the shear direction as shown in Figure 3.7 in order to 
reduce the effect of shear banding in the response of the specimen in tension. The shear 
plane is defined as the final position, after subjecting a billet to a given deformation 
schedule, of a plane parallel to the initial cross section. Figure 3.8 shows an example of 
a shear plane for 2B case. 
 
Consolidate after route 4B
Shear plane
Tension profile cut on the
shear plane
AA
A-A
 
 
Figure 3.7 Schematic of the tension specimen profile EDM cut on the shear plane along 
the shear direction in the case of route 4B. 
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Figure 3.8 Evolution of the shear plane after one pass and two passes via route B. 
 
To study the anisotropy in ECAE processed bulk Cu, specimens were cut along 
three perpendicular directions as shown in Figure 3.9, i.e. tensile axis along the 
extrusion direction (T), and flow direction (F) with the flat surfaces of the samples 
parallel to the longitudinal plane, and longitudinal direction (L) with the flat surface of 
the samples parallel to the flow plane. In the 4A case, specimens were also cut on the 
ECAE shear plane with tensile axis along the shear direction. The specimens were 
inspected to ensure that buckling did not occur during Bauschinger experiments (BE) 
where prestrained specimens up to 1% in compression were tested in tension. Two to 
three experiments were conducted on companion specimens to check the repeatability 
of the results. The thickness of tension specimens is always 1.5 mm. 
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Figure 3.9 Orientation of tension samples tested along three perpendicular directions. 
 
 The engineering stress-strain does not give a correct indication of the 
mechanical behavior of the material because it is based on the original dimensions of 
the specimen tested, and dimensions change continuously during testing. True stress 
and true strains are then considered to account for the variation of specimen dimensions. 
True values are calculated from the measured engineering stress and strain values by 
taking into consideration the conservation of volume of the specimens during the test. 
True stress σ  and engineering stress s  can be expressed as follows: 
A
P=σ  , and 
0A
Ps =   (3.3) 
where A and A0 are respectively the instantaneous and initial cross sections of  the 
tension specimens. Using the constancy of volume, we can deduce relationships 
Extrusion
direction 
Flow 
direction 
Longitudinal
direction 
Extrusion direction
L Plane 
T Plane 
F Plane 
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between true stress σ  and engineering stress s  and also between true strainε  and 
engineering strain e : 
)1ln(
)1(
+=
+=
e
es
ε
σ
  (3.4) 
These relationships are valid only up to UTSσ  where necking occurs. 
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CHAPTER IV 
 MECHANICAL BEHAVIOR AND ANISOTROPY IN WROUGHT 
COPPER 
 
The effect of strain and strain path on the mechanical properties namely the 
evolution of strength and ductility and yield anisotropy, in wrought ultra fine grained 
oxygen free high conductivity copper is investigated in terms of grain microstructural 
features and texture yielded by each route. The material was deformed via equal channel 
angular extrusion (ECAE) to different strains following routes (A, B, C, C’ and E). The 
mechanical behavior through tension and compression tests is related to the shape, 
dimension and spatial orientation of the grains produced in each configuration of route 
and number of passes. Tension experiments show that an early plastic instability takes 
place leading to a continuous softening of the flow stress of bulk ECAEd copper after the 
first pass. Increases in both strength and ductility are evident with increasing numbers of 
passes in the bulk samples which appear to be inconsistent with grain boundary 
moderated deformation mechanisms for a microstructure with an average grain size of 
300-500 nm. Instead, this increase is attributed to microstructural refinement and to the 
dynamic recovery and bimodal grain size distribution. It is also shown that grain 
morphology has a strong impact on the mechanical response for different directions and 
competes with texture and grain refinement in controlling the yield strength. Grain 
morphology can explain the anisotropy exhibited by ECAE processed Cu and induces a 
drop of strength with the number of passes for a specific direction. A stronger 
compression is found not to be systematic in UFG materials and rather the tension-
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compression asymmetry is affected by grain morphology through the interaction between 
dislocations and grain boundaries. 
4.1. Experimental results 
4.1.1. Microstructural evolution 
Although ECAE has been mainly considered as a way to refine grain size, the 
grain morphology can also be controlled by careful selection of the route and number of 
passes. For pure geometrical reasons, a grain is subjected to simple shear after its passage 
through the right angle of the die. We assume that the grain interior can deform according 
to the externally imposed shape change, compatibility across the grain boundaries is 
satisfied (5 independent deformation systems are available). If we consider furthermore 
that the initial grains have cubic shape as shown in Figure 4.1 demonstrates, a three 
dimensional view of grain morphology after being subjected to different routes and 
number of passes can be illustrated. Note that this is a pure geometrical consideration and 
grain division or subgrain formation are not taken into account. It can be assumed that the 
initial high angle grain boundaries can deform following the geometrical constraints but 
subgrain formation may occur in a different fashion. In route C, the initial cubic element 
recovers its initial shape for an even number of passes, while in route C’, the successive 
rotation of the billet by 90˚ in the same direction reproduces the initial shape after four 
passes (Figure 4.1.a). In route A (Figures 4.1.b, c, and e), billets are not rotated in 
successive passes, resulting in the elongation of the primary cubic element creating a 
lamellar structure similar to that obtained by rolling.  
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   (a)     (b) 
                  
   (c)     (d) 
                 
   (e)     (f) 
Figure 4.1: Projection of initial cubic shaped grains in three perpendicular planes after 
different ECAE routes and number of passes: (a) initial configuration, 2C, 4C, and 4C’, 
(b) 1 ECAE pass, (c) 2A, (d) 2B, (e) 4A, and (f) 4B. L: longitudinal plane, T: transverse    
plane, F: flow plan and AR: grain aspect ratio. 
L
F T
Extrusion direction 
1
1
1
AR = 1 AR = 5 
AR = 19 
AR = 65 
0.24 
0.45
0.45
0.45 
0.12 0.24 0.24
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The theoretical inclination angle ϕn (Figure 4.2) of the elongated grain with 
respect to the extrusion direction follows the equation (4.1): 
( )
Nn ×= 2
1tan ϕ  (4.1) 
where N is the number of passes. As seen in Figure 4.1, there is an apparent reduction in 
grain thickness in the transverse plane and increase in the aspect ratio with the number of 
passes (the aspect ratio values for route A are reported in Figure 4.1). In route B, the ±90˚ 
rotation of the billet successively leads to the inclination of the grains in two 
perpendicular planes consequently reducing the aspect ratio of the grains. Grains are 
deformed in both longitudinal and flow planes instead of only the flow plane as in the 
case of route A. The angle ϕn for route B can be evaluated in the case of an even number 
of passes by the equation:  
( )
Nn
1tan =ϕ  (4.2) 
for both L and F planes of view. The inclination of grains in the transverse plane is 45° 
after even passes. The aspect ratio AR can be defined as (a and b are shown in Figure 
4.2): 
b
aAR =  
n
a ϕsin
1=  and nb ϕsin=  (4.3)         
thus 
nn
AR ϕϕ 22 tan
11
sin
1 +==  
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hence the aspect ratio can be related directly to the number of passes in route A by the 
relation:    241 NAR ×+=  (4.4) 
 
 
 
 
 
 
 
Figure 4.2: Deformation of a square initial element after 1 and 2 passes following route 
A. The dislocation path is increased with the number of passes. Polarization of the grain 
boundaries after plastic deformation. 
 
Table 4.1 summarizes the calculated microstructural characteristics for different 
routes and number of passes. Figure 4.3 shows the back scattered electron micrographs of 
the ECAE processed Cu. These images seem to agree well with the observations made 
above based strictly on the geometrical evolution of a cubic mesh when sheared through a 
right angle corner. The inclination angles of the shear bands and alignment of the 
subgrains seem to match with the value predicted in equation (4.1) in both micrographs in 
Figures 4.3.a and 4.3.b corresponding to the flow plane in route A for 1 and 4 passes, 
[313] 
001 100 L Direction is aligned with [313] orientation
Traces of slip plane 
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respectively. The thickness of the elongated grains decreases with the number of passes 
as predicted in Figure 4.1. However, the length of the grains along the long direction is 
shorter, i.e. aspect ratio is smaller indicating that a splitting grain process took place. 
Figure 4.3.c shows the distribution of grains in the longitudinal plane for 2A case. The 
microstructure is fairly equiaxed and is in agreement with the geometrical expectations in 
Figure 4.1. 
 
Table 4.1 Processing routes and calculated geometrical factors from an initial cubic 
element of unit side. 
 
ECAE route Number of 
passes 
Inclination 
angle (deg), φn 
Aspect Ratio, 
AR 
Grain 
thickness, b 
1 26.6 5 0.45 
2 14.0 19 0.24 
4 7.1 65 0.12 
 
A 
8 3.6 257 0.06 
2 26.6 - 0.45 B 
 4 14.0 - 0.24 
2 90º 1 1 C 
 4 90º 1 1 
C’ 4 90º 1 1 
 
 
Figure 4.4 shows the effect of increasing the number of extrusion passes on the 
microstructural evolution. In the three cases 1A, 2C, and 4C investigated with 
transmission electron microscopy, the foils were prepared with the foil normal being 
perpendicular to the flow plane (see Figure 2.2). As expected, the grains are elongated as 
the material undergoes shearing in the abrupt corner of the die. The microstructure in the 
1A sample reveals a relatively low dislocation density with the formation of subgrains. 
The dislocation density increases with the number of passes leading to the formation of 
small grains with high angle grain boundaries. 
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(a) 
 
(b) 
Figure 4.3: Back scattered electron micrographs of ECAE processed Cu after (a): 1A on 
the flow plane, (b): 4A on the flow plane, (c): 2A on the transverse plane, (d): 2B on the 
transverse plane. 
1µm 
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E
xtrusion direction
1µm 
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(c) 
       
(d) 
Figure 4.3 Continued 
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(a) (b) 
 
(c) 
Figure 4.4: Bright field TEM micrographs of ECAE processed bulk Cu. (a) ECAE 1A, 
(b) ECAE 2C, and (c) ECAE 4C. The foil normal is perpendicular to the flow plane as 
shown in Figure 2.2. 
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The common microstructural evolution route for ECAE processed copper starts 
with the formation of low-angle cellular structures inside the initial large grains (Figure 
4.4.a). With increasing strain (increasing number of passes), the misorientation across 
some of the low-angle subgrain boundaries increases due to trapped lattice dislocations 
forming high-angle grain boundaries (Figures 4.4.b and c). A further increase in strain 
increases the fraction of high-angle grain boundaries and provides further grain 
refinement. However, the grain size usually saturates at a certain size range depending on 
the purity of the material because of the balance between dislocation generation and 
recovery. Therefore, achieving grain sizes below 100 nm may not be possible with ECAE 
of initially coarse grained highly pure copper. 
 
4.1.2. Room temperature tensile response 
True stress and true strain were calculated from engineering stress and 
engineering strain using the constant volume assumption [82]. In Table 4.2, all yield 
strength σy(0.2%), ultimate strength σUTS and fracture strain εf values are reported. Table 
4.3 summarizes these measurements by giving the average of σy(0.2%) and σUTS as well as 
the corresponding standard deviation. In the same table are reported εf values. In some 
cases there are big discrepancies in εf  values, so the highest fracture strain measurement 
was considered or in the case where more than two tests were conducted the average of 
the highest values were taken into account. The shaded values of εf are those considered 
in the determination of the average in Table 4.3. To study the mechanical anisotropy in 
ECAE processed Cu, Monotonic tests under tension were conducted along the three 
perpendicular directions in each billet i.e. longitudinal, extrusion and flow (Figure 3.9).  
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Table 4.2 Summary of yield strength, ultimate strength, and strain at fracture values for 
different ECAE schedules and directions of testing.  
σy(0.2%) (MPa) σUTS (MPa) εf (%)  
Route 
 
 
Direction Spec 
1 
Spec 
2 
Spec
3 
comp Baus 
C-T* 
Spec 
1 
Spec 
2 
Spec 
3 
Spec 
1 
Spec 
2 
Spec 
3 
Long 330 295 315 354 276 358 350 358 37 13 29 
Extrusion 336 338 338 306 276 355 363 368 31 25 30 
 
1A 
Flow 344 363 358 429 340 390 407 403 23 30 17 
Long 279 294 - 370 288 389 392 - 36 29 - 
Extrusion 362 371 374 294 287 381 382 387 26 25 11 
 
2A 
Flow 446 455 - 481 389 465 479 - 19 12 - 
Long 299 285 - 398 292 406 406 - 29 37 - 
Extrusion 402 378 -   424 418 - 26 27 - 
 
2B 
Flow 413 407 - 445 370 444 441 - 25 19 - 
Long 358 349 - 320 280 405 394 - 36 30 - 
Extrusion 372 397 - 345 322 398 419 - 34 23 - 
 
2C 
Flow 380 368 - 466 379 451 452 - 30 15 - 
Long 277 276 - 343 283 398 407 - 37 37 - 
Extrusion 373 377 - 306 300 400 400 - 32 16 - 
Flow 453 438 - 494 405 481 470 - 14 26 - 
308 325 
306 326 
Tens Baus 
T-C 
383 306 
 
 
 
 
4A 
 
 
Shear 
 
 
397 
 
 
- 
 
 
- 
378 307 
 
 
430 
 
 
- 
 
 
- 
 
 
 
35 
 
 
- 
 
 
- 
Long 285 272 - 387 310 413 403 - 32 18 - 
Extrusion 409 398 - 338 338 445 436 - 33 18 - 
 
4B 
Flow 380 378 - 434 360 445 446 - 25 15 - 
Long 300 304 - 369 310 420 425 - 40 38 - 
Extrusion 390 402 - 355 328 431 435 - 34 27 - 
 
4C 
Flow 435 435 - 460 367 474 479 - 29 12 - 
Long 293 297 - 334 265 423 433 - 38 38 - 
Extrusion 399 414 - 332 326 451 453 - 37 25 - 
 
4C’ 
Flow 389 393 - 426 341 450 451 - 36 18 - 
Long 313 294 - 445 320 434 428 - 39 24 - 
Extrusion 401 392 414 352 332 440 428 445 36 38 22 
 
4E 
Flow 412 401 - 455 380 457 452 - 21 31 - 
313 322 
Tens Baus 
T-C 
 
8A 
 
Extrusion 
 
380 
 
- 
 
- 
374 310 
 
439 
 
- 
 
 
- 
 
36 
 
- 
 
 
- 
8E Extrusion 409 402 - 354 364 437 453 - 37 21 - 
16E Extrusion 387 - - 361 347 435 - - 20 - - 
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Table 4.3 Averages and standard variations of the strength values reported in Table 4.2. 
Directions 
Longitudinal Extrusion Flow 
 
Route 
 
# of 
pass 
 
σy(0.2%) 
(MPa) 
σUTS 
(MPa) 
εf (%) σy(0.2%) 
(MPa) 
σUTS 
(MPa) 
εf (%) σy(0.2%) 
(MPa) 
σUTS 
(MPa) 
εf (%) 
1 312±9 355±2 33 337±1 362±3 30 355±5 400±4 26 
2 286±5 390±1 32 369±3 383±2 25 450±3 472±5 19 
4 276±0 402±3 37 375±1 400±0 32 445±5 475±4 26 
 
A 
8 - - - 377±2 439±2 35 - - - 
2 292±5 406±0 33 390±8 421±2 26 410±2 442±1 25 B 
4 278±5 408±3 32 403±4 440±3 33 379±1 445±0 25 
2 353±3 399±4 33 384±9 408±7 34 374±4 451±0 30 C 
4 302±1 422±2 39 396±4 433±1 34 435±0 476±2 29 
C’ 4 295±1 428±3 38 406±5 452±1 37 391±1 450±0 36 
4 303±7 431±2 39 402±5 437±4 37 406±4 454±2 31 
8 - - - 405±2 445±0 37 - - - 
 
E 
16 - - - 387 435 20 - - - 
 
Figure 4.5 shows two extreme examples of anisotropy encountered in 4A and 4E 
cases. Additional samples with tensile axis along the shear direction (specimen cut from 
the shear plane inclined at 7.1º) were also tested in the 4A case. The flow direction can be 
singled out from this group of directions because of the high ultimate strength and the 
early softening. The fracture strain is also lower for the flow direction. 
In order to assess the mechanical anisotropy in each route and its evolution with 
number of passes in more detail, the yield strength σy (at ~0.2 %) and the ultimate tensile 
strength, σUTS, values were plotted as function of the number of passes for each direction. 
The corresponding standard deviation values were calculated and reported in the yield 
and ultimate strength plots. As shown in these plots the variation in the repeated 
experiments is relatively small. 
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Figure 4.5: Tensile tests along, (a): four directions for 4A, and (b): three directions for 
4E. 
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4.1.2.1. Routes A, and C 
For route A (Figure 4.6.a), regardless of the number of passes, the flow direction exhibits 
the highest values for σy and σUTS while the yield strength is the lowest for the 
longitudinal direction. The flow stress increases with the number of passes for both 
extrusion and flow directions. The increase is more significant between the first and 
second pass. After the 4th pass, the stress levels saturate and no significant increase is 
observed with the number of passes. However, σy decreases along the longitudinal 
direction. Interestingly, the same observations can be made for route C (Figure 4.6.b) 
with the exceptions that between the first and second passes, the σy value does not 
increase substantially for the flow direction and it increases for longitudinal direction as 
opposed to route A.  
4.1.2.2. Route E 
Route E is a hybrid route which involves the rotation of the billet 180º and 90º in the 
even and odd passes respectively. Therefore, route E shares the same strength values with 
route C in the first two passes. As compared to route C after 4th pass, both σy and σUTS 
experience a reduction in strength increase along the flow direction resulting in yield 
strength equal to the one along the extrusion direction (Figure 4.6.c). More tension 
experiments were conducted on samples after 8 and 16th passes using route E along the 
extrusion direction. σy and σUTS exhibit a slight increase in the eight pass but overall, the 
strength levels seem to stabilize after the 4th pass. 
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(b) 
Figure 4.6: Yield and ultimate strength values for the longitudinal, flow, and extrusion 
direction for (a): route A, (b): route C, (c): route E, (d): route B, (e): route C’. 
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(d) 
Figure 4.6 Continued. 
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(e) 
Figure 4.6 Continued. 
 
4.1.2.3. Routes B, and C’ 
σy and σUTS for routes B and C’ (Bc) (which are the same for the first and second passes), 
seem to stay constant after the second pass regardless of the direction. It is important to 
note that for both routes σUTS tend to be the same for both extrusion and flow directions 
in the fourth pass (Figure 4.6.d,e).  With the exception that σy decreases between the 
second and the fourth pass along the flow direction, the other evolution trends remain 
similar to route A, i.e. increase of σy and σUTS along the E and F and σUTS along L 
directions and decrease of σy along L direction. 
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4.1.3. Tension-compression asymmetry 
 It is also important to study the tension-compression (T/C) asymmetry in ECAE 
processed copper prior to discussing the Bauschinger effect to account for any prior T/C 
asymmetry effect in virgin samples in the interpretation of the Bauschinger experiment 
results. This asymmetry of plastic deformation is known as the stress differential or SD 
[83] effect in polycrystalline materials. The SD effect can be quantified by the ratio: 
( )( )tycy
t
y
c
y
σσ
σσ
+×
−=Δ
5.0
  (4.5) 
where tyσ  and cyσ  are yield strengths in tension and compression of virgin samples not 
subjected to any prior prestrain. Table 4.4 summarizes the SD values for different routes 
and number of passes for the three directions. It is worth noting that regardless of the 
route and number of passes the SD ratio is always negative for the extrusion direction 
(the material is stronger in tension than in compression). The SD is positive for all the 
other cases except for the L direction for two passes via route C. 
 
Table 4.4 Stress differential values for the three directions for different routes and 
number of passes. 
 Stress Differential SD (%)
Route # of passes L Dir E Dir F Dir
1 12.9 -13 19.3 
2 26.1 -25.7 6.9 
21.4 -26.6 10 4 
Shear direction: SD=-33.5%
 
A 
8 - -29.1 -
2 31.2 - 7.3 B 
4 24.3 -29.6 11 
2 -10.1 -15.1 22.5 C 
4 14.7 -19.4 4.3 
C’ (Bc) 4 11.8 -26.2 5.7 
4 38.4 -20.9 11.8 
8 - -24.4 -
 
E 
16 - -7.8 -
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4.1.4 Bauschinger effect experiments 
 Bauschinger effect (BE) is of practical interest for processes which involve strain 
reversals such as fatigue cycling or plastic processing. Bauschinger experiments were 
conducted under compressive preloading to 1% of strain. The specimens are subsequently 
loaded in tension. Figure 4.7 shows the results for the one ECAE pass. For each direction 
three curves are plotted: forward tension (FT), forward compression (FC) and reverse 
tension (RT) for a specimen preloaded in compression to 1%. Besides the tension-
compression asymmetry, this figure shows the effect of a compression prestrain in a 
subsequent reverse tension loading (FC/RT). For the remaining cases, a nondimensional 
Bauschinger parameter (BP) is used to compare the magnitude of the BE following the 
treatment in a previous study [84]: 
( )( )02 σσ
σσσ
−×
−==
f
revfb
ardeningTotalWorkH
BP   (4.6) 
where σ0 is the initial yield strength of the material in FC, σb is the long-large back stress. 
One of the sources of the back stress is the dislocation pileups at the grain boundaries and 
substructures formed during ECAE. σ0 is nondirectional because it opposes the flow in 
both forward and reverse loading. On the other hand, σb supports deformation in reverse 
loading. σf is the flow stress at the forward compressive strain of 1% and σrev is the onset 
of plastic deformation at reverse tension straining. BP was calculated for three different 
strain offset values: 0.05%, 0.1% and 0.2%. The evolution of BP for all these offsets was 
similar and thus only 0.01% is reported. Figure 4.8 presents BP as a function of the 
number of passes for the three directions. Each plot corresponds to a specific route. 
Interestingly, this figure shows the constant value of BP for the extrusion direction 
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regardless of the route nature and number of passes. BP steadily decreases along the two 
other directions for route A. 
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Figure 4.7: Forward tension and compression and reversed tension (1% compression 
prestrain) for case 1A for three directions. 
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Figure 4.8: Evolution of Bauschinger effect with number of passes for (a): route A, (b): 
route C, (c): route E, (d): route B, and (e): route C’. 
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Figure 4.8 Continued. 
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Figure 4.8 Continued. 
 
4.2. Discussion 
4.2.1. Evolution of strength and ductility 
The tension results of the extruded bulk Cu yield interesting results. Severe plastic 
deformation of copper, unlike other mechanical processing methods such as rolling or 
drawing, tends to increase simultaneously the strength and the ductility with more applied 
strain. McFadden et al. [12], Valiev et al. [14] and Höppel and Valiev [15] attribute the 
increase in ductility to the refinement of the structure and to an increase in the fraction of 
high angle boundaries which results in the activation of boundary sliding and grain 
rotation deformation mechanisms. Several other researchers discussed the possibility of 
grain boundary moderated deformation mechanisms to rationalize the observed strength 
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and ductility increase in nanocrystalline materials [31,62,67]. However, Kumar et al.[31] 
critique this argument in their work on nanocrystalline nickel and argue that grain 
boundary sliding has not been shown with direct experimental evidence (the evidence 
given most of the time is the abnormal strain rate sensitivity) down to grain sizes less 
than 20 nm. In our TEM investigations of copper after several passes and different routes, 
we always observe a large scatter in the grain size. The average grain sizes are on the 
order of 300 to 500 nm (Figure 4.4), i.e. still significantly larger than nanometer range 
grain sizes. If grain boundary moderated mechanisms are the correct explanation for the 
ductility increase in nanocrystalline materials, then the present results are somewhat 
conflicting as grain boundary sliding or rotation is not expected at these relatively large 
grain sizes. Therefore, the rationale for the increase in both strength and ductility is the 
bimodal grain size distribution in bulk Cu instead of grain boundary moderated 
mechanisms. Figure 4.9 reports the evolution of the mechanical response in tension for 
specimens cut along the extrusion direction for different routes. Similar comparative 
figures for tension specimens tested along the two other flow and longitudinal directions 
are reported in the appendix. The simulataneous increase in strength and ductility is seen 
regardless of the considered route with a slight decrease in ductility at the first pass when 
compared to the annealed state. It has been well established that the strain imposed by the 
first ECAE passes exerts a strong effect on the fragmentation and refinement of the initial 
microstructure [85-86]. One can also see in Figure 4.9 that with increasing number of 
passes, the strain range in which strain hardening is observed increases. According to 
recent studies [26,61,63] this increase is due to the formation of a small amount of 
recrystallized grains and dislocation activity in these grains. Moreover, in the present 
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study, the simultaneous increase in strength and ductility is shown to exist even at the 
early stages of ECAE deformation with limited numbers of passes (4) as compared to the 
same strength and ductility levels achieved after 16 passes in the study by Höppel and 
Valiev [15]. It is also evident when different routes are compared that a combined effect 
of crystallographic texture with other metallographic features should be taken into 
account to expain the anisotropy of mechanical properties. The grain shape and 
morphology manifestly affect the mechanical properties such as yield strength as will be 
seen in the next paragraph and ductility at a lesser degree through strain localization, 
which is particularly significant in materials having a higher fraction of low angle 
boundaries. The fine lamellar structure with a higher fraction of high angle boundaries 
produced by route A results in slightly beneficial tensile ductility.  
SEM investigations of the fracture surface for 2C and 4C specimens tested along 
the extrusion direction shows the ductile character of the material. A substancial necking 
occurs before the breaking of the specimens as shown in Figures 4.10.a and 4.11.a. This 
is corroborated by a direct view of the fracture surface at low magnification (Figures 
4.10.b, and 4.11.b) which shows the reduced small section where the fracture occured 
after necking. A brittle fracture would have been translated by a rectangular fracture 
surface keeping almost the same dimension of the initial cross section. The “cup-and-
cone” fracture of Figures 4.10.c and D.c is also an indication of the ductile fracture which 
occurs by a process of void coalescence. Coalescence occurs by elongation of the voids 
and elongation of the bridges of material between the voids. This leads to the deformation 
of elongated “dimples” and holes separated by thin walls. 
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(b) 
Figure 4.9: Mechanical response in tension of ECAE processed bulk Cu specimens cut 
along the extrusion direction for, (a): Route A, (b): Route B and C’, (c): Route C, and (d): 
Route E. 
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Figure 4.9 Continued. 
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   (a)      (b)      (c) 
 
Figure 4.10: Fracture surface of tension specimen from route 2C tested along the extrusion direction. 
   (a)      (b)      (c) 
Figure 4.11: Fracture surface of tension specimen from route 4C tested along the extrusion direction. 
Fracture 
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Fracture 
surface 
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4.2.2. The effect of Strain path on the yield anisotropy 
 The mechanical anisotropy exhibited by plastically deformed materials is 
controlled by three scales: a macroscopic level of texture, a mesoscopic level of size and 
morphology of grains, and a microscopic level of slip system activity and their interaction 
with other microstructural features such as grain boundaries. In recent years, severe 
plastic deformation (SPD) processes such as ECAE have been studied to further the 
concept of grain boundary engineering in which the grain boundaries are tailored to 
specific applications [87]. After one ECAE pass, the microstructure consists of elongated 
grains with low angles of misorientation which evolve with subsequent passes to ultrafine 
grains separated by high angle boundaries [88-89]. The control of grain boundaries would 
permit the control of the strength of the material with fine grains through the distribution 
of high angle boundaries (HAB), and low angle boundaries (LAB) [90-91] through an 
independent contribution of each type: 
HABLAB σσσ +=0  (4.7) 
where σ0 is the friction stress. This variation of Hall Petch relation accounts for the 
additional strengthening effect of grain boundaries. Cell boundaries and subgrain 
boundaries are not completely impenetrable by dislocations and therefore an ECAE 
processing route which produces an array of high angle boundary grains would yield a 
priori higher yield strength. This rationale is contradicted by yield strength values for the 
longitudinal direction. The reversal strain for route C at the second pass creates a 
microstructure with a high ratio of low angle boundaries [92] and yet the yield strength 
experiences an increase between the 1st and 2nd pass while it drops for routes A and B in 
which the microstructure consists of more grains with high angle boundaries. Therefore, 
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factors other than grain boundaries seem to have more influence on the yielding 
anisotropy in ECAE processed Cu. 
Routes A and C have the same major texture components [46], but the mechanical 
behavior for both cases is quite different as the yield strength drops continuously with 
number of passes for the longitudinal direction in route A (Figure 4.6.a). The texture 
effect can be quantified by considering the resolved shear stress instead of yield or 
ultimate strength values. Using the previously measured texture for routes A, B, C and E 
at four passes, Taylor factors are calculated to normalize the strength values and account 
for the texture effect. The prediction and measurements of texture in ECAE processed fcc 
materials [46,93-94] show that for a specific route, predominant texture components are 
kept the same with number of passes while the intensity changes slightly. Consequently, 
it is safe to consider the same 4A, 4C, and 4B textures for corresponding cases with less 
number of passes (1A and 2A, 2C, and 2B). Texture of ECAE processed Cu is not strong 
and yields small differences in Taylor factors for different directions (Table 4.5) which 
cannot explain the anisotropy in yield strengths as the resolved shear stress values are not 
similar for different directions (Table 4.6). 
 
 
Table 4.5 Taylor factor values calculated from the measured texture in the 4th pass for 
different routes and directions. 
 
ECAE  route Longitudinal direction Extrusion direction Flow direction 
A 2.778 2.772 2.927 
B 2.722 2.732 2.816 
C 2.779 2.762 2.863 
E 2.774 2.777 2.835 
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Table 4.6 Yield and resolved shear stresses for routes A, B, and C for three different 
directions. 
 
 Yield Stress σy (MPa) Resolved Shear Stress τ (MPa) 
Route  # of passes L Dir E Dir F Dir L Dir E Dir F Dir 
1 312±9 337±1 355±5 112±3 122±0 121±1 
2 286±5 369±3 450±3 103±2 133±1 154±1 
4 276±0 375±1 445±5 99±0 135±0 152±2 
 
A  
8 - 377±2 - - 136±1 - 
2 292±5 390±8 410±2 107±2 143±3 147±1 B 
4 278±5 403±4 379±1 102±2 148±1 135±0 
2 353±3 384±9 374±4 127±1 139±3 130±1 C 
4 302±1 396±4 435±0 109±0 143±1 152±0 
C’ 4 295±1 406±5 391±1 - - - 
4 303±7 402±5 406±4 109±2 145±2 143±1 
8 - 405±2 - - 146±1 - 
 
E 
16 - 387 - - 140 - 
 
 
Grain morphology plays then a major role in the anisotropy of ECAE processed 
Cu. The morphology and size of grains as well as their orientations with respect to 
specimen orientations need to be considered while assessing the anisotropy of ECAE 
processed Cu for different routes. One would expect a rapid grain refinement for the 
initial number of passes (up to the 4th pass) to reach eventually a stable final grain size in 
the higher number of passes. That would be translated into an increase of yield strength 
regardless of the nature of route for the initial passes to reach eventually a certain 
strength plateau. Considering each direction independently, the evolution of yield 
strength as a function of the number of passes as shown in Figure 4.6 obeys the previous 
statement for higher number of passes in cases where the higher number of passes were 
conducted (route A up to 8 pass and E up to 16 pass). The slight yield strength drop for 
the 16th pass in route E can be attributed to dynamic recovery triggered by the high stored 
deformation energy resulting from the high strain levels applied. 
  
78
It is interesting to note that the steady increase in yield strength which is more 
pronounced for less number of passes (up to the 4th pass) is not always observed. With 
the exception of route C (and consequently, route E for the second pass), yield strength 
values along the longitudinal direction decrease with the number of passes. For routes B 
and C’ where the billet is subjected to 90º rotation after each pass, σy values decrease 
even between the 2nd and 4th pass along the flow direction. The decrease in yield strength 
with the number of passes for route A along the L direction is an eloquent example of the 
grain morphology effect. Figure 4.2 shows a schematic of the grain orientation and 
morphology for the first and second passes for route A subjected to tension in the L 
direction. The figure also shows the most favorable {111} slip planes corresponding to 
the measured major texture component, [313], along the L direction in route A.  
According to this schematic, the dislocation mean free path defined as the length 
of the intersection segment between the slip and flow planes and bounded by the grain 
boundaries increases with number of passes. This configuration favors an easier 
movement of dislocations with higher number of passes as they can move for a longer 
distance before reaching a grain boundary in their path and being stopped or annihilated. 
The change of inclination angle φn is higher between the first and second passes, 
consequently the increase of dislocation mean free path is more important which explains 
the significant decrease of σy. Between the second and fourth pass, the decrease of σy is 
less pronounced as the change in grain inclination is smaller and also because the 
dislocation mean free path increase is compensated by the grain refinement.  
For route B, the same decrease in σy is observed for the L direction and can be 
rationalized similarly by the change in the dislocation mean free path, even though the 
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billet is rotated ±90° after each pass. The projection of grains in the flow plane which 
constitutes the flat surface of the specimen cut with respect to the L direction is stretched 
further after each pass and the inclination ϕn with respect to extrusion direction is 
lowered (Figures 4.1.d and f) increasing therefore the mean free path of dislocations. For 
route C’, Figure 4.1.a suggests that after 4 passes the material should retain the same 
morphology of grains but in reality, refinement and creation of an equiaxed 
microstructure occurs at the 4th pass as an irreversible splitting is unavoidable after the 
evolution of a microstructure dominated by low angle boundaries to near equilibrium 
equiaxed microstructure [89]. The drop of yield strength for route C’ between the 1st and 
4th pass is insignificant and lies almost within the error interval. For this route, there is a 
competition between grain refinement and arguably a “memory” effects from the 
previous passes. Indeed, a material may prefer to deform along previously established 
shear planes due to the interaction of old walls with new dislocation directions during 
strain path change [95]. This “memory” effect is more important with increasing number 
of passes. Indeed, for route C where the strain is reversed in the 2nd pass the reduction of 
grain size overcomes the processing history effect of the material and causes an increase 
in σy up to the 2nd pass and then drops again in the 4th pass due apparently to the retained 
memory of the material microstructure during the odd passes. 
Consideration of grain morphology evolution can also shed some light into the 
differences in σy along different directions for specific route and number of passes. For 
all cases, regardless of the route and number of passes, flow stresses for the flow and 
extrusion directions are higher than those for the L direction. The reason behind this 
constant trend is the fact that tension specimens for the L direction were cut from the 
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flow plane where the sheared grains are favorably oriented to deform in tension as shown 
in Figures 4.1 and 4.2. 
For the E and F directions, there is an increase of the yield strength between the 
1st and 2nd passes regardless of the route which can be explained by the reduction in grain 
size. Between the 2nd and 4th passes, the strength values do not change significantly for 
route A. It is also worth mentioning that the order of directions in terms of flow stresses 
does not change with the number of passes for this route, i.e. the F direction is the 
strongest while the L direction experiences the earliest yield. This trend is intimately 
related to the fact that the orientation of the billet is kept the same after each pass for 
route A. The higher σy values along the flow direction as compared to that along the E 
direction can be explained by the morphology effect. Tension specimens for both E and F 
directions were cut from the longitudinal plane. The difference is that, for the E direction, 
the thickness plane of the specimen is the flow plane where the grains are stretched in the 
extrusion direction and are favorable to deformation for the same reasons mentioned 
above, whereas for the F direction, the thickness plane is the transverse plane where 
sheared grains are oriented perpendicular to the tension direction. 
For route B, the situation is more complex. First, we can observe that between the 
1st and 2nd passes, the increase in strength for the F direction is less pronounced than that 
for route A. In fact, the slope increase in σy along the F and E directions is the same and 
the difference between the two directions can be attributed solely to texture as the 
resolved shear stresses are the same for both directions (Table 4.6). However, the yield 
strength for the E direction exceeds that along the F direction in the 4th pass. Unlike route 
A, the longitudinal plane for route B (Figure 4.1.d, and f) is formed essentially of 
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elongated grains with an inclination with respect to the extrusion direction decreasing 
with the number of passes. That creates a condition where the sheared grains are 
favorably oriented to deform when tested along the flow direction.  The evolution of 
yield strength values for route C' are similar to route B. Although one would expect a 
different outcome because of the uniform microstructure expected in this route in the 4th 
pass, the response of the material is controlled mainly by the competing effects of 
processing history of the material in the previous passes and grain refinement. 
4.2.3. Tension-compression asymmetry and Bauschinger effect 
The Stress differential (SD) values confirm the tension-compression (TC) 
asymmetry encountered in UFG materials. This asymmetry has been found in UFG 
Aluminum and iron alloys [54-55]. Iron alloys were stronger in compression and the 
asymmetry was attributed to a hydrostatic pressure effect on yielding in ultrafine grained 
materials. This explanation was motivated by the similarities between UFG materials and 
amorphous materials which are sensitive to hydrostatic pressure. Table 4.4 shows that the 
stress differential ratio is not always positive and interestingly the tension specimen is 
always stronger when cut in the extrusion direction. Therefore an additional factor must 
be affecting the asymmetry as the stronger tensile response cannot be explained 
considering the hydrostatic pressure. At least for fcc materials, we can rule out the effect 
of texture on T/C asymmetry which is a function of the route to explain the consistent 
negative values of the SD ratios.  
It is worth noting that, the absolute values of the SD ratios increase along the 
extrusion direction with the number of passes in route A. This increase seems to be 
directly related to grain morphology. During plastic deformation, the developed 
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microstructure plays an important role in the mechanical behavior. For the ECAE 
processed Cu, the grains are stretched along the extrusion direction. The aspect ratio of 
the grain increases with number of passes. Cell block boundaries with high angle of 
misorientation form in the material parallel to the most active slip plane providing a good 
barrier to dislocation mobility [96-97]. The ECAE process subjects the material to heavy 
shearing and consequently to the multiplication of dislocations which migrate along the 
slip lines and stop at the grain boundaries as shown in the schematic of Figure 4.2 (A 
different slip lines family is activated when the material is sheared along the extrusion 
direction, but in order to avoid encumbering the schematic only one slip line family is 
depicted as the concept of dislocation mobility towards the grain boundaries is intended 
for description and it is not hampered by the choice of the slip lines). Dislocations 
possess a mechanical sign associated with the burgers vector, an excess of mobile 
dislocations of one sign is blocked at one side of the grain boundary, and the opposite 
sign at the other side of the grain boundary creating a polarity [98] as shown in Figure 
4.2.  A reversal strain of compression in the same direction as the one which created the 
accumulation of these dislocations, i.e. the extrusion direction, will relieve the asymmetry 
of slip resistance caused by the dislocation polarity and the flow stress needed to yield the 
material will be therefore smaller.  
This mechanism is similar to the Bauschinger effect and is translated here to a 
tension-compression asymmetry in virgin specimens without any prior prestrain because 
of the heavy processing incumbent to the ECAE process. To corroborate this explanation, 
supplementary specimens were tested which were cut parallel to the shear plane for the 
4A case (at 7.1°from the longitudinal plane). This plane possesses the highest grain 
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aspect ratio and as a result, experienced the smallest SD value (Δ=-33.5% for 
MPacy 283=σ and MPaty 397=σ ). This value is even smaller than the 8A case for the 
extrusion direction (Δ=-29.1%). The reason behind observing soft compression for only 
the extrusion direction is closely connected to the morphology of the grains exhibiting an 
elongated shape along the extrusion direction grain which provides a longer boundary for 
stopping dislocation during processing, and to a lesser extent to the processing history of 
the routes for which the final microstructure is more equiaxed. 
A softer compressive response was also observed for route C along the 
longitudinal direction when the billet was subjected to two passes. The rotation of the 
billet at the second pass creates a corrugated microstructure. The grains are elongated at 
the first extrusion pass, and upon the reversal strain in the second pass following route C, 
some of the grains are reoriented back to the initial position while keeping the irreversible 
elongation suffered at the first pass. The second pass results consequently in “tilting” 
some grains to the longitudinal direction as shown in the TEM micrograph of Figures 
4.12.a, b, and c. The same micrograph shows the accumulation of dislocations at the 
grain boundaries oriented along the longitudinal direction. The same argument of 
polarization of grain boundaries can be then advanced to explain the T/C asymmetry in 
favor of compression. 
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(a) (b) 
  
 
(c) 
 
Figure 4.12 TEM micrographs in the transverse plane of ECAE processed Cu via route 
2C. (a) elongation of the grains along the longitudinal direction and (b) accumulation of 
dislocations along the vertical boundaries. (c): pile-up of dislocation blocked by the 
vertical grain boundary oriented along the longitudinal direction. 
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Figure 4.8 shows that the BP is kept relatively constant along the extrusion 
direction regardless of the number of passes or the nature of the route. The value of BP 
around 0.5 implies that 0σσ ≈rev . This is a direct result of the T/C asymmetry with higher 
values of strength in tension when a specimen is tested in the extrusion direction. As 
mentioned earlier, the dislocation polarity created at the adjacent grain boundaries during 
heavy processing is relieved during a reverse strain as in compression causing the 
dislocations to annihilate at the interior of the cell blocks. An additional increase in 
reverse strain in compression will permit an inverse in the polarity, but seemingly a 
compression prestrain of 1% is enough only to eliminate the existing polarity leading the 
material to keep the same yield strength at the following tensile test because of lack of 
back stress. Again, route A shows a steady evolution of another comparative parameter as 
BP decreases steadily for the L and F directions with the number of passes. 
Pedersen et al [99] showed that the flow stress in a composite model is entirely 
due to the resistance of dislocation motion in the tangles of forest dislocation rather than 
to the assistance of pile up dislocation developed in the forward loading. In their 
composite model, dislocation tangles act as hard but deformable barriers in a relatively 
soft matrix. This finding is supported by our experimental results for route 2C along the 
flow direction which experiences the highest Bauschinger effect (BP= 4.5) as the 
microstructure for route 2C has a high ratio of subgrain boundaries and a high density of 
internal dislocations. Therefore, it is important to note that BP can be used as an indicator 
of the nature of the microstructure and the ratio of low angle to high angle misorientation 
grain boundaries. The steady decrease of BP for route A for all routes confirms that the 
microstructure tends to reach an equilibrium by an increase of high angle misorientation 
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grain boundaries. The same thing can be observed for routes B, C,  and C’ at the fourth 
pass while a high density of dislocations and the fraction of low angle misorientation 
grain boundaries should still exist for route E at the fourth pass because of the increase of 
BP for flow direction. This delay of reaching an equilibrium in route E can be explained 
by the hybrid nature of the route where both 180º and 90º are involved. 
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CHAPTER V 
 MICROSTRUCTURE EVOLUTION AND MECHANICAL 
BEHAVIOR OF COPPER OBTAINED BY CONSOLIDATION OF 
MICRO AND NANO POWDERS USING EQUAL CHANNEL 
ANGULAR EXTRUSION 
 
The consolidation of micro and nano copper particles (325 mesh, 130 nm, and 
100 nm) was performed using room temperature equal channel angular extrusion 
(ECAE). The effects of extrusion route, number of passes and extrusion rate on 
consolidation performance were evaluated. The evolution of the microstructure and the 
mechanical behavior of the consolidates were investigated and related to the processing 
route. Possible deformation mechanisms are proposed and compared to those in ECAE 
processed bulk Cu. Combined high ultimate tensile stress (470 MPa) and ductility (~20% 
tensile fracture strain) with near elasto-plastic behavior was observed in consolidated 325 
mesh Cu powder. Near-perfect elastoplasticity in consolidated 325 mesh Cu powder is 
explained by a combined effect of strain hardening accommodated by large grains in the 
bimodal structure and softening caused by recovery mechanisms. Tensile strengths as 
high as 790 MPa and fracture strain of 7.3 % were achieved for consolidated 130nm 
copper powder. Compressive strengths as high as 760 MPa were achieved in consolidated 
130 nm copper powder. The present study shows that ECAE consolidation of 
nanoparticles opens a new possibility for the study of mechanical behavior of bulk 
nanocrystalline materials as well as offering a new class of bulk materials for practical 
engineering applications. 
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5.1. Experimental results 
5.1.1. Stage I: powder compaction by manual tapping 
5.1.1.1. Initial powder and initial processing runs 
The copper powders were characterized prior to processing to determine their size 
and morphology. Figure 5.1.a shows that the size of microcrystalline Cu powder ranges 
from approximately 1 to 10 μm. Figure 5.1.b is an SEM micrograph of the 130 nm 
powder agglomerates. The irregularity (Figure 5.1.c) of the agglomerate surface shows 
that they are composed of clusters of fine particles driven together to minimize surface 
energy. TEM images (Figure 5.1.d) indeed show the actual morphology and size of the 
powder: most particles are about 100-130 nm and they have spherical morphology. By 
comparison, X-ray analyses yielded values of 4.2 μm and 130 nm as grain sizes for the 
325 mesh and 130 nm powders.    
The first set of the Ni and AISI 1018 steel cans was filled (cases 1 to 8 in Table 
3.4) with 100 nm Cu powder in air. The extrusion runs of this powder were used to 
modify the processing parameters in order to find a suitable extrusion route that would 
later permit full densification of cleaner powder. A 50 mm long powder chamber with a 
diameter of 13 mm in nickel cans did not yield enough material for mechanical 
characterization due to the high level of compaction after the first ECAE pass. AISI 1018 
steel and nickel cans, with a larger powder space (20 mm in diameter, 100 mm powder 
chamber length), were then used for the remaining extrusions. The 1018 steel cans were 
less ductile and difficult to extrude. The presence of cracks in the can after the first pass 
lessened the possibility of successful subsequent extrusions. The final density of 
specimens from steel cans was therefore low in some cases (Table 5.1) (the definition of 
 89
case # was reported previously in chapter III in Table 3.4). Vickers hardness 
measurements are also reported in Table 5.1 from these extrusion runs. A higher 
extrusion speed (25 mm/sec, case 6) led to poor consolidation as the final density was 
71% of the full density. However, the density values for a lower extrusion speed (2.5 
mm/sec) were similar to or better than those reported in previous works [18,24,100]. 
These preliminary experiments showed the importance of the choice of the canning 
material and geometrical dimensions of the internal chamber, and the effect of extrusion 
rate needed for an acceptable consolidation. Nickel was chosen to be the best canning 
material for the consolidation of nano copper powders. 
 
            
(a) (b) 
                     
(c)      (d) 
Figure 5.1 SEM images of (a) 325 mesh Cu powder, (b) agglomerates 130 nm Cu 
particles, (c) the close up of an agglomerate in (b) and (d) a bright field TEM image of 
the 130 nm Cu powder. 
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Table 5.1 Summary of the experimental conditions used for the consolidation of micron 
and nanometer size copper particles and severe deformation of coarse grained copper 
using ECAE. For details on the nomenclature used in ECAE processing see [17,37-
38,40]. 
 
A: ECAE processed bulk Cu via route 4C. 
B: ECAE processed Cu via route 2C annealed at 600C, with an average grain size of 
75μm. 
 
Case    Average     Stdev   density  
# L T F L T F (g/cm3) (%) 
  (GPa) (GPa) (GPa) (%) (%) (%)     
1 1.78 1.84 1.79 4.9 3.2 8.4 8.81 98.7 
2 1.96 2 1.95 6.7 6.2 5.6 8.85 99.1 
3 1.87 2.03 2 6.5 1.4 3.3 7.96 89.2 
4 NA NA NA NA NA NA 8.54 95.6 
5 _ 2.03 _ _ 5.1 _ 8.33 93.3 
6 NA NA NA NA NA NA 6.34 71.0 
7 1.75 1.9 1.81 8.1 4.5 7.2 8.16 91.4 
8 2.03 1.96 2.01 10.5 10.0 13.1 8.82 98.7 
A _ _ 1.20 _ _ 3.09 8.93 100.0
B 0.5 1.7 8.93 100.0
 
 
5.1.1.2. Optical microscopy 
A cross section of consolidated 130 nm Cu powder following route 4E was cut 
parallel to the transverse plane (perpendicular to the extrusion direction) and prepared for 
a metallographic investigation. Figure 5.2 shows the scanned cross section. We can 
distinguish some different flow lines separating regions reflecting different level of hue 
which seemingly correspond to areas having dissimilar microstructures. One can assume 
a priori that these regions are formed with “grains” of different sizes, shapes and 
orientations. Optical micrographs have been taken from different areas of this section to 
build a qualitative understanding of the powder behavior during the extrusion process. 
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Figure 5.2 Scanned cross section parallel to the transverse plane of consolidated 130 nm 
Cu powder following route 4E. This section was previously polished and etched. 
 
 Figure 5.3 shows a low magnification micrograph of the consolidate. Figure 5.3.a 
illustrates the elongation along some flow lines of the agglomerates under which 
nanocrystalline powders cluster. These flow lines do not seem to follow a specific 
direction but rather organize into blocks of uniform structure. These blocks seem to flow 
with respect to each other during the extrusion and can be separated by a fine separation 
line or interface as shown in Figure 5.3.a or by a thicker transition zone as illustrated in 
Figure 5.3.b. These areas are generally continuous, but in some instances can be 
preferable site of discontinuity where porosity emerges as indicated with the arrow in 
Figure 5.3.b. Other optical micrographs at higher magnification are added into the 
appendix to show these transition zones where non uniformity of flow exists. Figure 5.3.a 
and b show a separation between two regions with similar characteristics, but there are 
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some cases where we can observe three regions or more forming a triple zone at their 
intersection (Figure 5.3.c). The intersection area is often a strong candidate for the 
existence of remnant porosity. 
 
     
(a) (b) 
 
 
(c) 
Figure 5.3 Low magnification optical micrographs of consolidated 130 nm Cu powder 
illustrating the flow lines formed by the elongation of powder agglomerates during 
extrusion. 
 
 
 Higher magnification micrographs show that debonding may even occur between 
agglomerates oriented in the same direction (Figure 5.4.a). It can be assumed that route E 
contributes to opening the gap between distinct agglomerate during the 180º rotation at 
the second pass. These agglomerates disintegrate to a certain extent as illustrated by the 
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small “grains” in Figure 5.4.b, but a considerable proportion is reticent to a break down 
even after subjecting the can to four passes.  Figures 5.4.c and d show a fairly large 
agglomerate conveniently etched and revealing the very fine structure corresponding to 
the nanocrystalline particles. 
 
     
(a) (b) 
 
     
   (c)      (d) 
Figure 5.4 Presence of openings between deformed agglomerates. A very fine 
microstructure exists in the agglomerates. 
  
 
5.1.1.3. Microstructural evolution and monotonic stress-strain response of bulk copper 
consolidates from micropowders 
Figure 5.5 presents the tension and compression true stress - true strain response 
of consolidated 325 mesh Cu powder. As can be seen in the Figure, one ECAE pass was 
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not sufficient for full consolidation and both tension and compression specimens 
fractured prematurely. The best tensile response was observed in the sample consolidated 
using route 2B, which exhibited significant true tensile strain at fracture (19.2%) for an 
ultimate true tensile strength of 470 MPa. ECAE 2A and 2C samples showed a small 
strain at fracture while the ECAE 4C sample exhibited a final true strain of 9.4% at 
fracture as summarized in Table 5.2. Near elasto-plastic tensile response of the 2B and 
4C samples is interesting to note as it contradicts the criteria for the onset of plastic 
instability (dσ/dε = σ) [23]. For a true elasto-plastic behavior, necking should start right 
after the onset of yielding. However, no significant necking was observed in the fractured 
tension samples. Compression specimens exhibited a high ultimate strength level of 480 
MPa and good ductility (except the sample from Route 1A). All compression 
experiments were stopped at a strain of 10% because of considerable shape change. 
Figure 5.6 shows the microstructure of consolidated 325 mesh Cu powders 
obtained via different ECAE routes. The TEM foil normals were perpendicular to the 
longitudinal plane shown in Figure 2.2. The 2A and 2B ECAE consolidates show large 
areas with low dislocation density. The grains are well developed and are free from 
dislocations in some cases. The microstructure in the 2C sample is more homogeneous 
but contains high dislocation density regions without clear subgrain formation. Sample 
4C exhibits well developed subgrains with relatively thick subgrain boundaries with a 
high dislocation density. Most of the grain boundaries are visible indicating substantial 
misorientation between grains. Note that some of them are poorly defined. 
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(b) 
Figure 5.5 Room temperature tension (a) and compression (b) true stress – true strain 
response of consolidated microcrystalline Cu powder. The tension axis is parallel to the 
extrusion direction and the compression axis is perpendicular to the flow plane (see 
Figure 2.2). 
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Table 5.2 Summary of the experimental results: density, grain size, tension and compression mechanical properties of 
consolidated Cu powders and bulk extruded Cu. ED: Loading along the extrusion direction, FD: Loading perpendicular to the flow 
plane shown in Figure 2.2. 
 
 
 
 
Grain Size Tension (Extrusion Direction) Compression 
ECAE 
Route 
Powder 
Size 
Percentage
Density 
(%) X-Ray TEM 
E 
(GPa) 
σy 
(0.2%) 
(MPa) 
σUTS 
(MPa) εf (%) 
E 
(GPa) 
σy (0.2%) 
(MPa) 
σUTS 
(MPa) 
1A 97.4 - - 109 - - - 81 330 (FD) 335 (FD)
2A 98.3 315 nm 
200 – 300 nm 
(some grains >500 
nm)
115 406 420 1.9 110 437 (FD) 477(FD) 
2B 99 300 nm 200 – 300 nm (some grains < 100 nm) 108  433 470 19.2 93 428 (FD) 488 (FD)
2C 98.8 250 nm 200 - 300 nm 114 - 409 0.5 106 440 (FD) 489 (FD)
4C 
- 325 mesh 
(4.2 μm 
from X-Ray) 
98.3 260 nm 250 nm 115 418 443 9.4 111 418 (FD) 460 (FD)
2B 95.6 110 nm 70 - 100 nm 104 690 728 1.20 101 399 (ED) 694 (ED)
2C 95.8 140 nm ~200 nm and 50 - 80 nm - - - - 92 560 (ED) 760 (ED)
4E 
130 nm 
(from X-Ray,  
about 100 
nm from 
TEM)  
97 - ~250 nm and  40 – 80 nm 92 516 546 0.87 90 473 (ED) 628 (ED)
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(a) (b) 
 
   
(b) (d) 
 
Figure 5.6 Bright field TEM micrographs of ECAE processed 325 mesh Cu powder 
following the routes: (a) 2A, (b) 2B, (c) 2C, and (d) 4C. The foil normal is perpendicular 
to the longitudinal plane shown in Figure 2.2. 
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5.1.1.4. Microstructural evolution and monotonic stress-strain response of 130 nm Cu 
powder consolidates 
The tension and compressive response of consolidated 130 nm Cu powder are 
presented in Figure 5.7. Tension specimens were cut along the extrusion direction from 
the 2B and 4E consolidates. These specimens exhibit very high fracture strength (728 
MPa for 2B and 546 MPa for 4E), but display no significant ductility. The strains at 
fracture are 1.20% for 2B and 0.87% for 4E. Compression specimens were also cut along 
the extrusion direction. These materials exhibit high ultimate strengths reaching 760 MPa 
in the case of 2C material. The ultimate strength is 694 MPa for 2B and 628 MPa for 4E. 
Strain before failure is relatively large in 2B (15.5%) while the 4E compression specimen 
experienced large plastic deformation and a drastic shape change without ultimate 
fracture. Table 5.2 summarizes these results. 
TEM micrographs of consolidated 130 nm Cu powder following route B (Figure 
5.8.a) indicate the presence of very fine subgrains (about 100 nm). The large light gray 
area in Fig. 5.8.a with a small change of contrast indicates a low misorientation between 
small subgrains. Figure 5.8.b shows a low magnification of consolidated 130 nm Cu 
powder following route C. The microstructure is relatively uniform with some large 
grains in the submicron range. The grains are mostly equiaxed and separated by high-
angle boundaries. A higher magnification TEM image (Figure 5.8.d) of the region shown 
in Figure 5.8.b demonstrates a uniform distribution of the grains less than 80 nm with a 
fairly narrow grain size distribution. This shows that this sample essentially has a 
bimodal grain size distribution. Indeed, this was also the case for 2B and 4E samples. In 
the 4E sample (Figure 5.8.c), most of the grains were less than 100 nm (70 – 100 nm) in 
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size. Some grains, which were on the order of 200-300 nm, consisted of agglomerates of 
subgrains less than 100 nm. These subgrains were separated by low-angle grain 
boundaries. Some of the grain interiors appeared to be devoid of dislocations. 
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Figure 5.7 Room temperature tension (a) and compression (b) true stress – true strain 
response of consolidated 130 nm Cu powder. Both the tensile and compressive loading 
axes are parallel to the extrusion direction. 
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(a) (b) 
   
(b) (d) 
 
Figure 5.8 Bright field TEM micrographs (the foil normal is perpendicular to the 
longitudinal plane) of ECAE processed 130 nm Cu powder following different extrusion 
routes, (a) 2B, (b) and (d) 2C, and (c) 4E. The foil normal is perpendicular to the 
longitudinal plane in Figure 2.2. 
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Average grain sizes were determined for all the preceding cases using X-ray 
diffraction analyses. The values are reported and compared to grain sizes obtained from 
several representative TEM micrographs in Table 5.2. In finding these grain sizes from 
TEM images, there has not been a clear distinction between grains and subgrains. 
Relative densities achieved during consolidation of both 325 mesh and nano powders are 
also listed in Table 5.2. 
5.1.2. Stage II and III: Powder compaction by hand press and cold isostatic press 
 The initial mechanical testing on Cu consolidates showed promising results. 
Consolidated Cu powders exhibited an exceptionally high strength (of about 760 MPa in 
tension) but limited ductility. To remedy the problem of low strains at fracture, two 
different fronts were explored: 
• Premature fracture is thought to be due mainly to the debonding between 
agglomerates of Nanocrystalline particles. The arrows in Figure  5.9.b show potential 
sites for such debonding which appear to be prior agglomerate boundaries because of 
their size. Since the initial powder agglomerates, the porosity distribution is bimodal 
once the powder is initially compacted: very fine porosity between 130 nm powders 
and large porosity in between agglomerates. The porosity between the agglomerates 
should be minimized prior to consolidation. In order to solve this problem, we tried to 
compact the powder inside the can prior to extrusion using a hand press in a vacuum 
glove box. This method would also permit larger consolidates since it increases initial 
compact density. But this method created compact layers with well defined 
boundaries where shear can occur preferentially during extrusion leading to a non 
uniform consolidation. The application of high hydrostatic pressures through Cold 
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Isostatic Pressing (CIP) would assure not only high densification of extruded 
compacts but also will contribute to the break down of the agglomerates. Subsequent 
appropriate processing schedules involving routes with early orthogonal rotation 
(route B) should be effective for further disintegration of the agglomerates. 
 
 
   
(a) (b) 
 
Figure 5.9 (a) BSE micrograph of consolidated 325 mesh Cu powder consolidate (2B) 
showing some residual porosity. (b) Fracture surface of a tensile sample from the 130 nm 
copper powder consolidate (4E). The arrows show potential sites for interparticle 
debonding. 
 
 
• Similar to extruded bulk Cu, an increase of ductility is expected through the 
formation of a bimodal distribution of grain size (Figure 5.8.b). The bottom up 
approach provides a considerable advantage by permitting a better control of the final 
microstructure. Indeed, a powder blend of 75 % of 100 nm and 25 % of -325 Cu 
powders was considered to achieve a systematic bimodal distribution of grain size in 
the consolidates. 
 
Table 3.2 summarizes the supplementary extrusion runs in stages 2 and 3 of the study. 
The choice of the routes and number of passes was determined progressively from the 
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results yielded from each case. It was determined that route 4B permits the best 
consolidation and therefore was adopted solely in the case where the powders were 
CIPed.  
ECAE processing of cans containing 50 nm Cu powders through different routes and 
number of passes did not permit a good consolidation. Therefore no mechanical tests 
were done for cases 19-21. The consolidation of 50 nm Cu powders was not feasible 
despite the careful preparation of the cans in a vacuum environment to avoid chemical 
contamination, and the degassing of the powder for 3 hours under a temperature of 130C 
to eliminate any entrapped moisture. Because of the very small size of the powder, minor 
oxidation at any step of can preparation, or else even after the fabrication of the powder 
itself during the electro-explosion process, will not be negligible and the oxide layer 
formed at the surface of the particles, though very thin, would affect the chemical 
composition of the powder and its chemical, physical properties in relation to the 
bonding, hindering the possibility of good consolidation. 
On the other hand, the use of a hand press to compact the nanocrystalline powder was 
not very conclusive. For cases involving only two passes, the consolidation was not 
successful for route A (case#22) as the material crumbled during the extraction step. For 
route B (case#23), it was possible to extract the consolidate from the can but the tested 
tension specimens did not yield a significant strain at fracture (0.78%) which is slightly 
lower from the results achieved when the powder was compacted manually (1.20%). Four 
passes using route C’ did not improve the results as three extrusions were run following 
this route, only one of these permitted a usable consolidate for mechanical testing with a 
maximum of strain at fracture of (0.71%). The hand pressing proved to yield non 
  
104
reproducible and inconsistent results as it is a function of the manual operation of 
pressing which introduces layers between different steps of compaction. In order to 
decrease the effect of these layers, a route with orthogonal rotation in different directions 
between passes namely route B was tested. Also, in order to reduce the effect of shear 
banding in the response of the specimen in tension, tension samples  were EDM cut with 
the flat surface parallel to the shear plane as shown in Figure 3.11. This later scheme 
permitted an extraordinary increase of the fracture strain to 6.48% for an ultimate strength 
of around 700 MPa. Route B given 4 passes was adopted consequently for the remaining 
extrusion of cans filled with CIPed powders. 
The material yield for stage 3 was important due to the high compaction achieved 
during powder CIPing. Figure 5.10 shows pictures of the extracted consolidated Cu 
powders where tension profiles were cut. The height of the consolidates is approximately 
15 to 20 mm. The hand pressing or CIPing of microcrystalline powder did not cause any 
change of the results already obtained by the manual tapping of the powder. The spherical 
shape and size of this powder allows a maximum packing by a simple tapping without 
having to resort to any additional compaction. Table 5.3 summarizes the mechanical 
results for the consolidated nanocrystalline Cu powders in stages 2 and 3, and Figure 5.11 
reports some selected results where the strain fracture is maximum for the three different 
stages. 
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(a) (b) 
 
(c) 
 
Figure 5.10 Consolidate extracts of extruded CIPed powders through 4B for (a): 100 nm, (b): -325 Mesh, (c): Blend of 25% -325 
Mesh and 75% 100nm Cu powders. 
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Table 5.3 Mechanical results for the consolidated nanocrystalline Cu powders in stages 2 
and 3. 
 
 
*HP: Hand Pressed. 
**CIPed Blend: 25% of -325 Mesh and 75% of 100nm Cu powders. 
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 Figure 5.11 Selected stress-strain results for consolidated nanocrystalline Cu powders. 
Tension (Extrusion direction) Case 
# 
Route Powder size, 
Compaction  E (GPa) σy(0.2%)(MPa) σUTSMPa) εf(%)
22 2A 130nm, HP* - - - - 
23 (1) 2B 130nm, HP 89 - 414 0.64 
23 (2) 2B 130nm, HP 85 457 468 0.78 
24 (1) 4B 130nm, HP 99 545 662 1.99 
24 (2) 4B 130nm, HP 104 591 747 3.26 
24 (3) 4B 130nm, HP 106 578 751 5.53 
24 (4) 4B 130nm, HP 95 533 694 6.48 
25 (1) 4C’ 130nm, HP - - - - 
25 (2) 4C’ 130nm, HP - - - - 
25 (3) 4C’ 130nm, HP 85 - 467 0.71 
29 (1)  4B 100nm, CIPed 117 604 725 4.54 
29 (2) 4B 100nm, CIPed 117 609 759 5.10 
29 (3) 4B 100nm, CIPed 101 603 790 6.36 
29 (4) 4B 100nm, CIPed 99 562 735 7.27 
30 (1) 4B CIPed Blend** 107 513 636 2.19 
30 (2) 4B CIPed Blend** 105 495 634 2.70 
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5.2. Discussion of the results 
The motivation of this study was to achieve consolidation of micro and nano 
copper particles and obtain consolidates with significant dimensions in order to conduct 
mechanical and structural characterizations. The consolidated of micron range particles 
resulted in a smaller dislocation density in certain ECAE routes than from ECAE 
processed wrought copper. As opposed to bulk ECAEd samples, the consolidated copper 
powder did not undergo macroscopic plastic instability and did not show significant 
necking. Thus, the mechanical response of the consolidated copper was unique in the 
sense that it showed near elasto-plastic response. This finding has also some implications 
for improving the fatigue life of severely deformed consolidated copper. Although it is 
difficult to achieve grain sizes less than 100 nm with ECAE of bulk Cu, the consolidation 
of copper nanoparticles was successful in achieving grain sizes between 50 and 100 nm. 
Nanoparticle consolidates also consist of some uniformly dispersed grains in the range of 
200 nm grain size with internal subgrains. However, it was concluded that this bimodal 
grain distribution was useful in achieving very high strength and relatively high ductility 
in compression. The compressive strength levels achieved in pure copper with grain sizes 
above 50 nm in this study are the highest reported so far. Note that Wang et al [71] 
recently reported a similar tensile strength value for nanocrystalline copper with 30 nm 
grain size but their specimen thickness was only 15 μm. The large scatter in the 
dependence of yield strength as a function of grain size is likely because of the bimodal 
grain size distribution and processing induced flaws, instead of the competition between 
dislocation controlled and grain boundary controlled (grain boundary sliding and Coble 
Creep) mechanisms as discussed below. 
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The early tensile fracture in the ECAE processed 325 mesh Cu powder after one 
pass can be attributed to the presence of porosity. This is asserted by the fact that 
Young’s Modulus (Table 5.2) under both  tension and compression is lower for this 
sample compared to the samples consolidated using more passes. There is also a slight 
difference in the Young’s moduli of the samples from different ECAE routes as well as in 
the tension and compression samples of a given ECAE route. It has been shown in a 
previous study [46] that different ECAE routes lead to different final textures for pure 
Cu. Therefore, both the former and latter differences in Young’s moduli could be 
attributed to texture. For the latter, as the tensile specimens were cut along the extrusion 
direction and the compression specimens along the flow plane normal, the loading 
direction is different for both type of samples. 
The texture of a 130 nm 4E consolidate is shown in Figure 5.12. The inverse pole 
figure of the transverse plane (Figure 5.12) shows a preferred orientation about two major 
components:  <100> and <111>. The measured texture for 4E ECAE bulk Cu [46] shows 
similar results, i.e. ECAE of  bulk copper and powder will essentially lead to the same 
texture. Texture components found in the transverse plane for 4A, 4B, 4C for bulk Cu are  
respectively composed of the following major components: <133>(65%) + <100>(35%), 
<122>(63%) + <100>(37%) , and <111>(54%) + <100>(46%), respectively. The 
percentages correspond to an estimation of  the importance of each component and were 
determined using the strength log scale of the measurement. The Young’s modulus can 
be determined from these components using the equation (5.1): 
⎟⎟⎠
⎞⎜⎜⎝
⎛
Ε−Ε×+Ε=Ε ]100[
1
]111[
1
]100[
11 f
d
  (5.1) 
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with 91.2
]100[
]111[ =Ε
Ε  and 
11
1]100[
s
=Ε ( 11s = 15.25 TPa-1) for pure Cu, and 
222222 γαγββα ++=f  where ,α ,β  and γ  are the direction cosines. Hence, ]100[Ε = 
65 GPa, ]111[Ε = 191 GPa, ]122[Ε = 158 GPa, E[313] = 143 GPa, and ]110[Ε =130 GPa. 
A rough estimate of Young’s modulus of samples for each route can be determined using 
these values weighted by the percentage of each component. Therefore, Ε (4A) = 115 
GPa, Ε (4B) = 124 GPa, Ε (4C) = 133 GPa, and Ε (4E) = 116 GPa along the extrusion 
direction. These calculated values are reasonably close to the experimental values 
reported in Table 5.2. 
 
 
Figure 5.12 Inverse pole figure for transverse plane (see Figure 2.2) of consolidated 130 
nm Cu powder via ECAE using route 4E. The inverse pole figures were calculated using 
popLA software [102]. 
 
Table 5.2 reports the yield stresses determined from tensile and compression 
stress-strain responses at a strain offset of 0.2%. For 325 mesh consolidates, a difference 
in yield strength can be noticed between compression and tension responses of the 2A 
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and 2B routes. A similar tension – compression asymmetry was observed by Valiev 
(Figures 3 and 4 of [103]) in ECAEd coarse grained bulk copper, however, there was not 
any explanation on the possible causes. We have previously shown [46] that the direction 
normal to the flow plane (FD in Table 5.2) has <110> and <111> texture components in 
2A extruded samples and <133> and <110> components for 2B and 4C extruded 
samples, respectively. Similarly, the extrusion direction (ED in Table 5.2) has the <133>, 
<122>, and <100> components for 2A, 2B and 4C extruded samples, respectively. These 
components are assumed to yield plastically first because of their high Schmid factors. As 
the critical resolved shear stress should be the same regardless of the direction of the 
loading, one can write the following relation; 
 
 
comp
tensyield
tens
yield
comp m
mσ=σ    (5.2) 
 
where σyield is the yield strength and m is the Schmid’s factor. Since <100> and <110> 
have the same Schmid’s factor, 4C consolidated sample should have the same tensile and 
compressive yield strength, as indeed observed experimentally (Table 5.2). For 2A and 
2B consolidated samples, equation (5.2) is in agreement with the experimental values as  
σcomp (2A) > σtens (2A) (because mtens (2A) > mcomp (2A)), and σtens (2B) > σcomp (2B) 
(because mtens (2B) < mcomp (2B)). 
It is interesting to note that the 2C tension sample failed without any plastic 
deformation (Figure 5.9.a). The 180° rotation between passes in Route C may lead to 
debonding along prior powder boundaries or opens the gaps between powders along the 
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shear plane, and fracture initiates during tensile loading along the ECAE shear plane. 
Clearly, route B is a much more promising route as the strain at fracture is approximately 
20% with an ultimate strength of 470 MPa. Although the backscattered electron 
micrograph of polished 2B ECAE processed 325 mesh Cu powder (Figure 5.9.a) shows 
some residual porosity, the elongation at fracture of this material is similar to those of the 
ECAE processed bulk copper.  
Similarly, the premature fracture of tension specimens observed in the 
consolidated 130 nm manually tapped Cu powder (Figure 5.7.a) can be attributed to the 
remnant porosity (Figure 5.9.b) and to premature debonding between agglomerates. The 
fracture surface in Figure 5.9.b suggests that the fracture may initiate due to interparticle 
debonding. The arrows in Figure 5.9.b show potential sites for such debonding which are 
thought to be prior agglomerate boundaries because of their size. Since the initial powder 
agglomerates, the porosity distribution is bimodal once the powder is initially compacted: 
very fine porosity between 130 nm powders and large porosity in between agglomerates. 
It is likely that once ECAE consolidation starts, the small pores are closed with the help 
of compression, shear deformation and deformation heating. Before the remaining 
relatively large pores are eliminated through consolidation, it is possible that grain 
growth in the fully dense prior agglomerates could occur. Indeed, the relatively large 
grains seen in Figure 5.8.b in the 130 nm consolidates may be the result of this grain 
growth driven by deformation heating. These grains could also be created because of 
large initial particles. However, the former explanation is believed to be the governing 
mechanism as many TEM images demonstrated that the powder size was quite uniform. 
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A potential advantage of this composite microstructure in Figure 5.8.b is the increase in 
tensile ductility. 
Much of the plasticity exhibited by compression specimens is due to the existence 
of submicron size grains (100 – 500 nm) embedded in the very fine structure. It has been 
argued that the very fine matrix gives strength to the material while large grains 
accommodate strain hardening [61]. The enhancement of ductility requires then an 
appropriate extrusion schedule to decrease the porosity and to form  simultaneously a 
bimodal distribution of grains where submicron size grains inside a nanocrystalline 
matrix can produce pronounced strain hardening during plastic deformation to assure 
large uniform deformation and to retard fracture. In order to obtain an even more uniform 
nanocrystalline bulk copper, we suggest that low shear strain levels (lower ECAE corner 
angle) should be applied initially to disintegrate the agglomerates. Then ECAE 
consolidation could result in a uniform microstructure. 
On the other hand, in the consolidated micro Cu powders, there is not a clear 
softening due to plastic instability. The tension samples did not have any significant 
necking behavior as opposed to the bulk extruded samples. This near-perfect 
elastoplasticity behavior was also shown in a recent study by Champion et al. [23] in 
consolidated nanosized Cu particles (50 nm). The resulting average grain size was 
reported to be 80 nm [23] although their TEM images mostly showed subgrains with 
about 80 nm size. The authors suggested [23] that the mechanical instability criteria for 
nanocrystalline materials should be revisited since the observed near-perfect elastoplastic 
behavior is in contradiction with instability criteria, for example with the Considere 
Criterion. The present results support these findings [23]; however, our average grain size 
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is considerably larger than 80 nm (Figure 5.6 and Table 5.2). It can be argued that near-
perfect elastoplasticity is partly due to the combined effect of the bimodal microstructure 
and the residual porosity. Larger grains in the bimodal structure lead to strain hardening 
but softening caused by residual porosity compensates the hardening. Similarly, strain 
hardening can also be balanced by a recovery mechanism such as absorption of 
dislocations by grain boundaries since the structure is heavily deformed. Before necking 
starts due to the deformation in larger grains, residual porosity may cause fracture. 
However, the compression stress-strain response (Figure 5.5.b), in which residual 
porosity should not cause softening as much as in tension, shows some softening 
behavior too. Therefore, the existence of a simultaneous recovery mechanism is a more 
plausible explanation.  
The slight difference in strain hardening coefficients between tension and 
compression and small work softening under compression in Figures 5.5 and 5.7 is a 
common feature in ultrafine and nanocrystalline materials as reported in few recent 
publications [54-55,104]. This slight asymmetry in strain hardening coefficients and 
softening under compression has been attributed to the fine shear banding under 
compression. The ultrafine nature of the structures obtained by consolidation of particles 
or by other severe plastic deformation techniques may inherently have a sufficient defect 
population such that shear banding may occur before extended uniform deformation 
regime. Carsley et al. [104] have reported on deformation of a nanostructured bulk iron 
alloy that the stress necessary to initiate shear bands in compression was approximately 
30% lower than the stress necessary to initiate shear bands in tension. That also might be 
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the reason why shear banding or necking in tension was not pronounced in the present 
study. 
TEM micrographs of consolidated 130 nm Cu powder of other cases (Fig 5.13 for 
case# 18 in Table 3.4 where the can was processed via route 4C’) indicate also the 
presence of a bimodal distribution of grain size. Fig.5.14.a shows an example of 
dislocation moderated deformation of large grains by means of dislocation pile ups. This 
TEM micrograph was taken from a foil prepared from specimen of consolidated 130 nm 
Cu powder through route 4E and tested in compression. Some of the large grain interiors 
appeared to be devoid of dislocations. This is an indicator that the material can sustain 
more plastic deformation if there is no catastrophic fracture. Figure 5.13 shows also a non 
uniform chemical etching of the TEM foil as a potential debonding line separating large 
grains is more aggressively etched which corroborates the idea of fracture initiation along 
intra agglomerates interfaces. The very fine matrix gives strength to the material. The 
accumulation of dislocations is impossible in these fine grains as they are emitted from 
one grain-boundary segment and disappear at the adjacent one, leaving no dislocations 
inside the grain interior. Transmission microscopy showed the existence of deformation 
twinning in the small grains (Fig. 5.14.b). The presence of twins may arguably be a proof 
of partial dislocation emission in nanostructured Cu which in coarse grained state does 
not deform by twinning at normal strain rates. 
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Figure 5.13 Bimodal distribution of grain size in consolidated 130 nm Cu powder 
following route 4C’. The picture shows also a preferential line of etching corresponding 
to a potential debonding site. 
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(a) 
 
 
(b) 
Figure 5.14 Deformation moderated by dislocations mobility in large grains (a), and 
presence of deformation twins in some small grains.  
50nm 
100nm 
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The deformation of some small grains by twinning seems to not have a 
detrimental effect at the macroscopic level. Only a few grains were observed in the TEM 
micrographs to deform by twinning, and most importantly, measurement of texture for 
consolidated Cu powders does not show an important evolution of texture components 
when compared to those measured for ECAEd bulk Cu. Figures 5.15-17 show a 
comparison of pole figures and inverse pole figures of consolidated Cu powders and 
ECAE processed bulk Cu. Figure 5.15 which reports pole and inverse pole figures of 
consolidated 130 nm Cu powder via route 4E are strikingly similar to the bulk Cu 
counterpart. The same similitude in texture features is observed in case 4B when 
consolidated 130nm (Figure 5.16.a,b), -325Mesh (Figure 5.17.a,b) and the blend of 
nanocrystalline and microcrystalline Cu powders (Figure 5.17.c,d) are compared to 
ECAE processed bulk Cu (Figure 5.16.c,d). There are however some differences in 4B 
case between the consolidates and bulk Cu which can be summarized in a certain global 
rotation of the texture, but there is no relative change between the main texture 
components. The slight difference encountered in 4B is due mainly to a possible rotation 
of the consolidate during extrusion which is possible because of the cylindrical chamber 
containing the powder. The rotation of the consolidate will be more important for routes 
involving rotation of the billet, hence the difference in textures was observed for route B 
and not route E. 
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Figure 5.15 Comparison of pole and inverse pole figures of (a,b) of consolidated 130nm Cu powder and (c,d) of bulk Cu 
following route 4E 
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Figure 5.16 Comparison of pole and inverse pole figures of (a,b) consolidated 130nm Cu powder and of (c,d) bulk Cu following 
route 4B. 
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Figure 5.17 Comparison of pole and inverse pole figures of  (a,b) of consolidated -325 Mesh Cu powder, (c,d) of a blend 
containing 75 % of 130 nm and 25% of -325 Mesh Cu powders, and (e,f) a companion sample of the blend case following route 
4B. 
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Texture results assert also the conclusion advanced earlier about the possible 
deformation mechanisms in consolidated Cu powders. Figures 5.15-17 show that there is 
no substantial difference in texture between consolidated 130nm and -325 mesh Cu 
powders and most importantly with ECAE processed wrought Cu. An important role of 
twinning in the deformation of nanocrystalline material would have been translated by 
the apparition of new orientation components. A previous study [105] showed for 
example that for electrodeposited nanocrystalline Cu, a more important presence of 
twinning was translated by the appearance of new texture components ({151} <110> and 
{115} <141>). On the other hand, an important contribution of grain boundaries in 
deformation mechanisms in nanocrystalline materials through grain boundary sliding and 
Coble Creep will affect the final texture by diffusing the strength of the orientations 
encountered in ECAE processed bulk Cu and evolve it towards a weaker and more 
random texture.  
The extrusion of a blend of powders of different sizes was motivated by obtaining 
a bimodal distribution of grain size. The mechanical results were not promising as the 
maximum strain at fracture was 2.7%. The reason behind this lower value of strain at 
fracture is the inter-agglomerate debonding which is more pronounced because of the 
difference in powder size and morphology existing between the spherical 
microcrystalline powder and the cluster agglomerates of nanocrystalline powder. ECAE 
process did not succeed in achieving a good consolidation of the blend through a good 
mixing of these different powders. Texture results corroborate this explanation as a 
measurement in a companion sample (Figure 5.17.e,f) yielded a different texture. The 
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disparity in shape and size between the two powders impeded bonding and permitted the 
rotation of these particles during the extrusion process.   
Recently, a Hall-Petch plot (Figure 5.18) summarizing the effect of grain size on 
the flow stress of Cu was prepared by Conrad et al [106]. Our results are included in this 
plot using average grain sizes determined by X-ray. They fit remarkably well to the Hall-
Petch curve. Interestingly, all other consolidation data points are below the H-P line 
probably because of the porosity. The authors believe that some of the data that shows 
negative H-P behavior can also be because of residual porosity during consolidation. But 
this still remains to be proven. One can also argue that since the present microstructure is 
heavily deformed with grains not being free of dislocations, work hardening as well as 
grain size hardening should be considered. However, it is likely that the bimodal grain 
size distribution and residual porosity are the reasons for the lower yield strength levels 
compared to what would be expected if the strain hardening contribution would also be 
considered.
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Figure 5.18 A Hall-Petch plot summarizing the effect of grain size on the flow stress of Cu at 300 K [106]. The present results are 
included. 
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CHAPTER VI 
MAIN CONCLUSIONS 
 
Ultra fine grained Cu was fabricated using severe plastic deformation via the ECAE 
process. The effect of resulting microstructural features obtained through different strain 
routes and strain levels on the mechanical anisotropy, tension compression asymmetry 
and Baushinger effect was assessed. It has been found that texture alone cannot explain 
the yielding anisotropy exhibited by ECAE processed Cu and that the grain morphology 
has a significant role in controlling the mechanical behavior through the yield strength. 
On the other hand, three initial powder sizes (325 mesh, 130 nm, and 100 nm) of Cu were 
consolidated using ECAE. The mechanical and microstructural evolution of the 
consolidates were investigated and related to the processing route. Possible deformation 
mechanisms were discussed and compared with the ones in the extruded wrought Cu. The 
specific findings are summarized as follows. 
 
1- A simultaneous increase in strength and ductility in extruded bulk Cu is observed 
for a microstructure with an average grain size of 300-500 nm. The possibility of 
grain boundary moderated deformation is thought to be inconsistent with this 
grain size range. Instead, we speculate that the increase of ductility can be 
attributed to dynamic recovery and local recrystallization forming a bimodal 
microstructure and to the trapping effect of non-equilibrium grain boundaries. 
2- The morphology of grains seems to have a stronger effect on the mechanical 
response than texture. Routes A and C which have relatively similar textures but 
different grain morphology yield significantly different mechanical responses. 
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3- Grain morphology factors compete with grain refinement and cause a drop of 
yield strength with the number of passes. The effect of grain morphology is more 
pronounced for the longitudinal direction for which the yield strength drops 
steadily even between the first passes where the effect of grain refinement is 
stronger.  
4-  The anisotropy exhibited by ECAE processed wrought Cu is attributed mainly to 
the morphology of grains. Indeed, unlike other routes, route A for which the 
orientation of the billet is kept constant sees a steady evolution of strength values 
with the number of passes regardless of the test direction. 
5- Tension-compression (T/C) asymmetry is observed in UFG Cu. This asymmetry 
is not always in favor of compression and is affected by grain morphology 
through the interaction of dislocations with grain boundaries. Regardless of the 
route, specimens cut in the extrusion direction show higher tensile strength. The 
(T/C) asymmetry is due to the interaction between mobile dislocations and 
obstacles they encounter in their path rather to any microstructural evolution. In 
the case of the ECAE process, the definite grain morphology due to the high angle 
misorientation between grains is very effective in controlling and affecting 
dislocation mobility. 
6- Dislocation tangles are confirmed to be most detrimental to develop internal 
stresses assisting the deformation during the reverse straining as route 2C 
experienced the highest Bauschinger effect for the flow direction. 
7- The extrusion parameters for the consolidation of nanoparticles using ECAE have 
an important effect on the final product. The best can material to consolidate 
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copper nanoparticles was found to be nickel. A minimum of two passes is 
necessary for good consolidation. A moderate extrusion rate should not be 
exceeded to minimize deformation heating. 
8- The tensile and compression tests of consolidated 325 mesh and 130 nm Cu 
powder resulted in a significant increase in yield strength compared to coarse 
grained annealed Cu. ECAE processed 325 Cu powder via route 2B exhibited an 
elongation at fracture of about 20 % coupled with an ultimate strength of σUTS = 
470 MPa. Consolidated 130 nm Cu powder yielded an even higher σUTS (790 
MPa for 4B) and a strain fracture of 7.3 % under tension. The lack of tensile 
ductility is attributed to remnant porosity and premature debonding between pre-
consolidated powder agglomerates. 
9- The difference in elastic modulus and strength levels between compression and 
tension responses of the consolidate for a specific route, or between two routes for 
a given monotonic loading (tension or compression) is attributed to texture. 
10- Near-perfect elastoplasticity is observed in consolidated 325 mesh Cu powder. 
This effect is explained by a combined effect of strain hardening and softening 
caused by a recovery mechanism such as absorption of dislocations by grain 
boundaries. 
11- The deformation in NC Cu fabricated by consolidation of nanocrystalline powder 
seems to be controlled essentially by dislocations. Some fine grains on the order 
of 50 nm deform by twinning when the material is subjected to a compressive 
deformation, but this mechanism is not very significant as it does not affect the 
final texture of the material.  
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12- Blending powders with the objective of creating a bimodal distribution of grain 
sizes does not seem to improve the strain at fracture. For this case, inter-
agglomerate debonding appears to be more pronounced. 
13- ECAE was shown to be a viable method to fabricate relatively large 
nanocrystalline consolidates with excellent mechanical properties. Further 
improvements are expected to result from appropriate processing schedules that 
lead to a microstructure where large grains, which can accommodate plastic 
strain, are embedded in a fine structure giving enhanced strength and ductility to 
the material. 
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CHAPTER VII 
SUGGESTIONS FOR FUTURE WORK 
 
1- ECAE has shown to be a viable process for consolidation of nanocrystralline Cu 
powders. The consolidation should be extended to other potential materials such 
as stainless steel and titanium powders. 
2- More investigation should be undertaken with the objective of increasing the 
ductility of the consolidates. The size of Cu agglomerates should be reduced prior 
to filling in order to reduce the impact of inter agglomerate debonding. Ultrasonic 
vibration can be used to disintegrate the agglomerate. A post mechanical 
processing after ECAE such us conventional extrusion can be used to reduce 
further any potential debonding site. The ECAE processed can should be milled 
down to a cylindrical shape having the maximum diameter possible, in order to 
benefit from the hydrostatic pressure from the can during the conventional 
extrusion. The extrusion should be performed following a schedule of small 
successive steps. 
3- The idea of blending powders should be studied more. I suggest using a blend 
with lower volume percentage of microcrystalline powder (5 to 10%). TEM 
micrographs showed the existence of large grains in consolidated nanocrystalline 
powder devoid of dislocations, which mean that the material can still undergo 
plastic deformation with the existing large grains. Thus, it is not necessary to add 
a high percentage of microcrystalline powder. The mixing of the two powders is 
important and should be performed carefully. 
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4- Once the optimum conditions for a good consolidation are determined (hopefully 
15 to 20% strain at fracture), consolidation of 50 nm Cu powder should be 
attempted. This is important to determine the limits of ECAE process in 
consolidation of nanocrystalline powders. Also it will provide an additional data 
for the Hall-Petch relationship in order to check the validity of this assumption of 
softening beyond a certain grain size. 
5- The response of the consolidates to fatigue cycling should be performed and 
compared to wrought Cu. 
6- The results obtained in the anisotropy study of ECAE processed wrought copper 
can be used to determine the effect of strain level and strain path in ECAE process 
on the plasticity response. An additional specimen having its flat surface parallel 
to the longitudinal plane and oriented 45º with respect to extrusion and flow 
directions should be tested in tension. These results, along with the existing 
tension results for yield stresses along the extrusion and flow directions can be 
used to plot a yield surface for each ECAE schedule using the Hill criterion. Such 
study will permit to determine the nature of hardening (kinematic or isotropic) 
associated with each ECAE schedule. 
7- A more systematic Bauschinger study should be carried out where different 
prestrains (1%, 2%, and 5%) in both compression and tension should be 
investigated. The obtained results along with the existing information would give 
a better insight into the fatigue behavior and how it is affected by the anisotropy 
in ECAE processed wrought copper. 
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(b) 
Figure A.1 Mechanical response in tension of ECAE processed bulk Cu specimens cut 
along the flow direction for, (a): Route A, (b): Routes B and C’, (c): Routes C and E. 
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Figure A.1 Continued. 
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(b) 
Figure A.2 Mechanical response in tension of ECAE processed bulk Cu specimens cut 
along the longitudinal direction for, (a): Route A, (b): Routes B and C’, (c): Routes C and 
E. 
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Figure A.2 Continued. 
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(b) 
Figure A.3 Mechanical response in tension of ECAE processed bulk Cu specimens cut 
along the extrusion direction for, (a): 2nd pass, (b): 4th pass, (c): 8th pass. 
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Figure A.3 Continued. 
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(b) 
 
Figure A.4 Mechanical response in tension of ECAE processed bulk Cu specimens cut 
along the flow direction for, (a): 2nd pass, (b): 4th pass. 
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(b) 
 
Figure A.5 Mechanical response in tension of ECAE processed bulk Cu specimens cut 
along the longitudinal direction for, (a): 2nd pass, (b): 4th pass. 
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Figure A.6 Optical micrographs illustrating the non uniformity of flow lines formed by 
the elongated agglomerates in some areas of consolidated nanocrystalline Cu powders. 
 
     
 
Figure A.7 Presence of cavities responsible of debonding between agglomerates in 
consolidated nanocrystalline Cu powders. 
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